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FRLFACE

J. Byron McCormick, Conference Chairman
Los Alamos Natlonal Laboratory

Major impetus for the development of aigh tempera-
ture electronic materials, devices, circuits and sys-
tems can probably be credited to the energy crisis
which anpeared dramatically in 1974. At thar time it
was acknowledged that the necessary discovery aud ex-
ploitation of national energy resources would require
a long-teru commitment to research and development, and
federal funds were made available for this purpose. In
1975, a workshop was held to set directions for work in
geothermal exploiation,’ and a number of contracts
were subsequently negotiated. As work continued, inter-
est broadened beyond the geothermal area. In 1978, Dr.
A. F. Veneruso,of Sandia Laboratories, organized a ses-
sion on High Temperature Electronics at Midcom 1978
in Dallas, Texas.: This session included a paper on
airc-aft engine controls, as well as papers on integrat-
ed « rcuits directed at the high-temperature needs of
the well-logging industry. In 1979, Ianterest broadened
still further, as evidenced by the High Temperature
Electronics and Instrumentation Seminar organized in
Houston, Texas by Dr. Veneruso.” Most recently, a ses-
sion of the 1985 Flectro-Professional Program was de-
voted to The Frontiers of Migh Temperature Electronice’

More than five vears have passed since the first
workshop was held, and in that time much progress has
been made. Interest in the field has continued to grow
and the diversity of requirements has rapidly increased.
It therefore seems important at this time to re-eval-
uate the status of and directions for high temperature
electronics research and development. This conference
has been organized for that purpose. Specifically, the
conference has three major objectives: to identify
common needs among those in the user community; to put
in perspective the directions for future work by focus-
ing on the status of current research and development
programs; and to address the problem of briaging to
practical fruition the results of these efforts. While
the importance of the technical content of the papers
is not to be undercstimated, the Program Committee felt
that becanse of the diversity of interests represented
in the audience, the identification of common problems
and the need for perspective with regard to the impli-
cations, both technical and commercial, of these prob-
lems were perhaps as important as the hish-tempera-
ture technologies themselves. Accordingly, special at-
tention was given to the program in two wavs,

First, considerable care was taken to put together
a session on Users Requirements which included papers
from as broad a spectrum as possible, and this session
was scheduled as the first of the conference. Second,
the need for perspective was recognized to be part of
the broader problem of determining what results of re-
search and development have long-range potential for
comsercialization, and how these can be reduced to prac-
tice. To meet this need we are iniroducing what we be-
lieve to be an innovation in conferences of this type:
the final session, A Conference Perspective, by Dr.
Robert Pry, Vice-President for Research and Development,
Gould, Inc, During the conference, Dr. Pry will talk
with as wmany as possible of the conference attendres,
Combining the results of these encounters with what he
learns of the status of the various high-temperature
tecnuologies from the conference papers, he will devel-
op a commentary of his views of the conference in gener-~
al, and technology transfer and commercialization in
particular. I would, therefore, encourage everyone who

has special needs in high-temperature electronics, or
cpinions about the field, to talk with Dr. Pry at some
time during the conference. I also hope thaiL evervone
will plan to stay for this final and possibly most
importnt session.

It is worth noting that more than half the papers
in the conference deal! with materials and devices,
rather than circuits and systems. While this is due
in part to the conference emphasis on research and de-
velopment, it is in larger measure a reflection of the
lack of maturity of the field. Circuits and systems
are the last in the development chain of which materiak
form the beginning. The evolution to a mature technol-
ogy base is unfortunately impeded by the relatively
small size nf the market for high temperature electron-
fcs when compared with, for example, the market command-
ed by integrated circuits. This small size is not, how
ever, indicative of its importance when viewed in the
context of national energy and space programs. It is,
therefore, the goal of this conference to e: pedite the
development of high temperature electronics for these
most important applications.

No conference such as this can be successfully or-~
ganized without the hard work of a number of coopera-
tive individuals; 1 woald like to thank all those who
served on the Program Committee for their efforts. Spe-
cial acknowledgements are due Dr. John T. Rowley and
Dr. Jan A. Narud, both of Los Alamos National Labora-
tory, for their cutstanding and tireless efforts to es-
tablish & program of the highest qualitv. Special ac-
knowledgements are also due Dr. C. R. Hausenbauer and
his staff in Special Professional Education at The
University of Arizona, for handling all the conference
arrangements.

Finally, I would like to express our gratitude to
those agencies which have contributed financially to
the su~cess of the conference: The National Aeronau-
tics and Space Administration; The Department of Energy,
Division of Engineering, Mathematical and Geosciences;
The Nuclear Regulatory Commmission, Division of Reactor
Saftey Research; and The National Science Foundation.
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HICH TEMPERATURE ELECTRONICS APPLICATIONS
IN SPACE EXPLORATIONS %

R.F., Jurgens

Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91103

Electronic instruments and systems used for space
exploration have not generally been exposed directly to
harsh environments of outer space or the dense atmo-
spheres of several of our planets. Instead, protective
enclosures, insulation, shielding, and small heating
systcms are provided to control the environment. Also
the design of spacecraft systems and instruments are
carried nut with fairly conservative design rules, be-
cause the cost of a mission is high, and failure is easy
to achieve. The design of electronic instrurents for
use within the wide range of the earth's environment is
difficult enough, and extension of our electronic tech-
nclogy to operate at very high or low temperatures or
great pressures is no small challenge.

Operation of electronic systems in environments
having temperatures or pressures beyond the capability
of the electronics requires systems to protect or
ingulate the electronics from the environment. The
maintenance of the protection requires energy, and
the energy source itseclf may require protection. In
vacuous space, the energy transfer to the spacecraft is
entirely dependent upon radiative transfer, and tempera-
tures can be controlled by varying the reflectivity of
the spacecraft surfaces. This form of control may re-
quire little energy since it often can be accomplished
with little more than the rotation of the spacecraft or
the reorientation of reflective panels. Pressure dif-
ferences are seldom larger than the difference between
that of the earth and vacuum. In these respects, the
explorution of space is considerably less difficult than
the exploration of the earth'. uner space where tem-
peratures and pressures are high.

The exploration of the planets having large atmo-
s heres is entirely = different matter. 1In the case of
Venus, for example, the surface temperature is near
730°K and the atmospheric pressure 90 bars. The atmo-
spheric profiles of the large outer planets are relative-
ly unknown, but one thing is sure, both the pressure and
temperature will increase well beyond our technical
capability to design instruments before any surface is
likely to be found. The depth to which these atmospheres
can be studied depends on one of two things, 1. our
ability to design probes that can withstand the great
temperatures and pressures, 2. the ability to transmit
the information through the dense absorbing atmospheres.

The problem of protecting electronjc systems from
the great temperatures and pressures of these atmospheres
is a very different problem from that of outer space.
Here the thcrmal energy transfer is caused primacil, by
conduction to the atmosphere. The atmospheric pressures
may be hundreds of times greater than those of the
earth's atmosphere, so our spacecraft may look more like
a craft designed for deep ocean exploration. We have
two choices as to the design of our craft, either we
design our systems to withstand the high temperatures
and pressures, or we maintain temperature and pressure
differences within the craft. The maintenance of tem-
perature and pressure differences requires energy, and
energy is aiways a very expensive and a scarce commodity
on any space probe., Therefore it is very important thav

ferences. The extension of range of operating tempera-
tures of electronic components and systems is a start in
that direction.

Missions

The exploration of the atmosphere of Venus will
probably be the first example of the use of high tem~
perature electronic systems in space applications.
Studies of the Vemusian atmosphere could be accomplished
by the use of balluon borne instruments. The simplest
sort of experiment might be one that determines only
t' - circulation properties of the atmosphere at varicus
altitudes. All that is required here is a beacon of
sufficient power to be tracked by either orbiting
spacecrafts or from ground-based radio telescopes. A
more advanced probe might contain a radar transponder.
The localization of the balloon, for example, could be
accomplished by VLBI, Doppler tracking, range tracking
in the case of a transponder, and all combinations of
these. Two missions are presently being studied. The
first carries only a simple beacon transmitter and flys
at 18 km altitude where the temperature at about 3252C.
Electronic breadboard designs for operation at this
temperature are presently being constructed and tested
at JPL. The second flys between %40 and 48 km where the
temperature does not exceed 150°C. Here, more advanced
instrument packiges are presently within the available
techrology. Possible instruments include precsure,
temperature, differential temperatures, light flrxes,
lightning detectors, and sound pressure levels. Balloon
missions are likely to last no longer than a few days
to a few weeks, therefore only short term studies can be
carried out (These are much longer, however, than the
present Venera and Pioneer-Venus probes). Longer
missions are desirable and would most likely have to be
carried out €frum the sur.lace.

If a landing probe could sit on the highest part
of Terra Ishtar (about 10 km above thm mean surface
level) the temperature would be about 380°C. A number
of interesting experiments could be accomplished from
this remarkable peak including all the tradit fonal
weather measurements, atmospheric turbulance, light
scattering from dust particles, and <o on. Equally as
interesting are measurements related tc planetary and
solar systems dynamics. For example, very accurate
measurements of the rotation rate, direction of the spin
axis, and -.rbital motion could be made. These measure-
ments could easily establish whether the rotation is in
synchronous lock with the earth or if some form of pre-
cession exists. As the planet rotates, twe occultations
could be observed per revolution as viewed from the
earth., An orbiting spacecraft could observe several
nccultations per day. Such measurements not only aid
in establishing the variation of the atmosphere but
give a measure of the turbulance which establishes the
ultimate "seeing” capability through the Venusian atmo-
sphere at microwave frequencies.

Going to our outer planets, there is much work to
be done, The first direct measuremnts of the Jovian
atmosphere will be made by the Galileo space probes,
Tha2se probes, like the PV probes, will last ashort time
until they are either crushed or their signal extin-

we minimize or eliminate the need to maintain such dif- - guished by the absorption in the atmosphere. The data

3



thoy return will ultimately determirie if other methods
of exploration are possible. Among the most exiciting
might be a hot air balloon mission to explore the
circulstion below the visible cloud regions. Though it
is too early to know what might be possible, high tem-
perature electronics will most likely be required.

Going towards the inner part of our solar system
we find Mercury and the Sun. The Mariner 10 spacecraft
Measured surface temperatures on Mercury ranging from
90 to 460°K. Radiative transfer models indicate that
temporatures as ligh as 650°K (377°C) exist when Mercury
is clouest to the sun. ihe precession of the perihelion
of Mercury has been used to test the general theory of
ctelativity, however, this rate of precession is also
partly caused by the solar oblateness which distorts the
gravity field of the sun., Further tests of the general
relativity theory could be facilitated by placing a
transponder on the curface of Mercury or by placing a
close orbiter around the sun. The solar orbiter could
map the gravity field, measure the oblateness, and carry
out other measurements of fields and particles. Measure-
ment of the perihelion precession of orbiter could give
an even better verification of the general relativity
theory.

Electronic Hardware

Most conventional military electronics will operate
to 100°C. Therefore, at 100°C it is simpler to ask what
won't work than what will. Even thou~h many components
will still function to 150°C, very few electronic systems
will function properly. Therefore, elactronic systems
must be designed specifizally to reach this temperatue.
As we go beyond 200°C, many standard components and
packaging techniques begin to fail. By 300°C, very few
silicon semiconductor devices continue tn cperate. As
we go beyond 150°C it is especially iamportant to consi-

der what is really needed for space exploration, as every
good desfgner would like to have everything, and every-
thing could be much too expensive.

There are on our list of cum onents and systems
many of the same things that are required for well-
logging instumentatijon, so to the degree that instru-
mentat ion requirements are wore or less identical, opera-
tion to 300°C should be possible using hybrid circuit
techniques developed {or well-logging. A fairly good
summary of the limits of electronic components was given
by Veneruso (1979). Much work has been reported by
Palmer (1977), Palmer and Heckman (1978), Palmer
(1979), and Prince et. al, (l1¥AG) describing tests,
design rules, and fabricatfon of electronic circuits
suitable for many instrumentation systems. lowever, our
list contaius some items not essential to the well-
logging industry. These are:

1. High temperature power sources

2. Ultra stable oscillators and clocks
3. VHF, UHF, and Microwave transmitters
4. Antennas

5. Electromechanical actuators, motors, anc
guidence systems

6. Special deployment componcnts and systems

The power source is so important that it is placed
first in the list. An effective way to evaluate power
sources for space applications is by figures of watt
hours per kilogram, watt hours per cubic centimeter,
and watt hours per dollar. The last measure is often
the most difficult to obtain as most high temperature

Table 1. High Temperature Energy Sources
Energy Temperature Max
Device Type Manufacturer Range Wh/kg Wh/cc Watts Efficiency
Lithium/Carbon Primary Power Coanversion -56° to 60°C 270 0.41 0.90 NA D-size tested
Inc. available
Lithium/Carbon Primary Electrochem -30° to 150°C 515 0.98 9.60 NA D-size tested
Industries available
Sodium/NiPS3 Secondary EIC 130° -~ - - - Experimeatal
Sodium/Sulfur Secondary General Electric 280° to 350°C 150 - - - Experimental
Fused Salt
LiS:./FeS Secondary Rockwell 400° to 450°C 79 - - - Exper imental
Fused Salt Internationzl
Sod ium/Sulifur  Secondary Marcoussis 280° to 350°C 200 - 10.0 802 Experimental
Fused Salt
Ptotovoltaic Silicon Many < 150°C NA NA NA -12% Available in
@ 20°C many sizes
Photovoltaic GaAs Rockwell < 300°C NA NA NA ~14% Experimental
International @ 20°c .25cm x .25c¢m
Thermal Pyro- Aerospatiale =40° to 50°C < 20 <007 - - Available in
Electric Gen. l.echnique nany sizes
Radio Isotope Pt 238 General Electric < 500°C > 0.5x 106 - ~hw/kg 0.25% Requires
Thermionic @ Custom
tenerator 300°x Design




power sources are not commercially available. Table I
sumrarizes some of the power sources that are either
avai.able or are known to operate at extended tempera-
ture ranges. Certain special mechantcal and electro-
mechanical storage systems have not been included. For
example steam engines, compressed gas, internal combus-
tion engines, and winimills. The umec of such systems
should not be discounted, as » few of these may be
entirely practical. For example, the atmosphere of
Jupiter is mostly hydrogen. The operation of a inter-
nal combustion engine fueled on hydrogen 1s quite prac-
tical if an oxidizer is carried on the probe. Table I,
then, concentrates on direct electrical power systems
not requiring the conversion from mechanical to electri-
cal energy.

The primary batteries listed in Table I have very
high energy densities compared to most primary or
secondary cells. They also have good storage capabili-
ty, which is essential since many missions require six
months to several years to arrive at their intended
target. The present temperatures limit for commercially
available primary batteries is about 150°C. The fused-
salt batteries listed do not begin to operate until the
materials fuse. These barteries can be stored in the
charged state indefinitely below the temperature of
fusion. Since the lowest temperature battery is the
sodium-sulfur type which begins to operate rear 280°C,
there 1s a range between 150° and 280°C for which no
batteries are presently available. Fused salt batteries
can operate to 500°C, so they are ideal for Venus land-
ers. Although a large number of experiments on various
fused salt cells have been run, only two types of cells
have received sufficient study tu be manufactured. The
work on Sodium-Sulfur cells has been reported by Mitoff,
Breiter, and Chatterji (1977) and Chatterji, Mittoff,
and Breiter (1977). Work on the Lithium-Silicon/Iron
Sulfide batteries has been reported by Sudar, Heredy,
Hall, and McCoy (1977). Most work since then has been
directed at manufacturing large cells for industrial
load leveling and for electric vehicles, therefore, a
wide range of sizes are not available.

Energy sources that could support longer missions
than possible with batteries are: 1. photovoltaic ~ells,
and 2. thermionic cells. Photovoltaic cells may be
usable if the power requirements are not too large.

High light iIntensities are generally not availavle deep
in the atmosphere of Venus and at the outer planets,
thus the solar cell array sizes would have to be fairly
large to provide even 20 to 30 watts. Silicon cells are
not useful above 200°C, although work is being done to
extend the temperature range for use with large concen-
trators. GaAs cells show the greatest pramise for op-
eration above 200°C, although their efficiency will de-
crease. Tests of a few samples of GaAs cells supplied
by Rockwell International showed a near linear decrease
in terminal voltage with increased temperature. Al-
though these cells survived the 350°C testing, their
efficiency at this temperature went to zero.

Thermionic cells or generators operate by establish-
ing a temperature difference on two junctions formed of
dissimilar metals. Two types of thermionic generators
are listed in Table I. The pyrotechnique generators
suffer from a low energy to weight ratio, but could po-
tentially operate to a higher temperature than the pri-
mary cells. Commercially available cells are rated
only to 65°C. These generators operate only for a short
time following ignition (30 seconds to a few hours).
During this time the energy must be used or it is iost.
The Radioisotope Thermionic Generator (RTG's) suffer
from many of the same problems, but their energy/weight
ratio is much greater than any other power source. The
1ife-time of these generators is controlled by the half-
1ife of Pu 238 which is the most common heat source (86
years). A typical power source, such as the ones used

on the Voyager spacecraft, generate about 150 watts over
a ten-year period and weigh about 40 kg. The efficiency
of thermionic generator is proportional to some fixed
percantage of the Carnot efficiency, thus the efficiency
decreases linearily with increased temperature on the
cold side of the junction. Typical high-side tempera-
tures are near 1280° K. 1If the high-side temperature
reraing fixed, the Carnot efficiency would be about 2.5
times poorer on the surface of Venus than on earth.
Higher efficiencies, of course, are possible if the
high-side junction teenerature can be raised. This re-
quires either higher powered radiocactive materials or
ways to reduce the heat transfer thrcugh the thermionic
converter. Higher powered radioisotopes probably imply
shorter half-lives, so the total energy may not change
greatly. In spite of this, the future for RIG's looks
good when long missions are to be considered, az no
other power source is presently available.

Ultra Stable Oscillators

Ultra stable oscillators (USO's) are used to
conirol the frequency and timing of all signals in the
space probe. Microwave signals are generated by multi-
plying the bhasic oscillator or some lower frequency
derivative of it by a series of simple multiplier
stages. As a result, any phase jitter or frequency
variation of the USO is multiplied by the same ratio.
Thus, the purity of the final signal is controlled by
the 1'SO. Lower frequencies are usually generated by
counting the USO frequency down with digital counters.
The short term stability is most important for the
transmission of information, while the long *erm sta-
bility is most important for maintaining timing of
sequences of operations and for guidance and tracking.
High quality USQ's maintain long term stabilities of a
few parts in 1010 and short term stabilities several
orders of magnitude better. Relatively little is
presently known about the stability at temperatures
above 100°C. 1In order to determine what might be
possible, several experimental oscillators are being
designed at JPL for operation at 325°C. These units
use special crystals cut to have a zero temperature
coefficient at that temperature. The oscillator elec-
tronics is being fabricated with the standard hybrid
circuit techniques. Experimental oscillators have
already been tested at 280°C with off-the-shelf crys-
tals. This circuit operated without failure during the
two-week test perfod. The stability of crystal oscil-
lators at high temperatures depends not only upon the
stabilitv of crystal and its Q, but ¢r the drifts in
the other electronic components. Cle-rly, components
will age faster at high temperatures, and stabilities
are sure to be poorer than obtained a:. room temperature
or witi, the best oven controlled crystal osciliators.
Just how much poorer is a question that remains to be
answered.

Transmitters

The measurements of scientific data in a high
temperature environment is of little use unless the
infcrmation can be sent out of the environment. In the
case of planetary exploration, the only feasible commu-
nications channel is via radio. The choice of wave-
lengths is dictated by thn tran.parency of the atmo-
sphere, the feasibility c¢ the untenna structures, the
availability of receiving equipment, and the background
noise level. In the cas2 of Venus, the atmosphere
becomes opaque in the cu range, and a one-way trans-
mission loss of 5 dB is encountered for 4 cm waves.
Since Venus has no appreciable ionosphere, lunger wave-
lengths pass freely. The physical size of antemnas for
wavelengths longer than a few meters probably restricts
the low frequency range to 100 MHz. The radio back-
grrund noise is contributed by the thermal radiation
from the planet and the radiation from free space. The



free space background radiation becomes smaller as the
wavelength is shortened, so shorter wavelengths are
generally preferred. Therefore, any transmitter tech-
nology that can operate in the frequency range from

100 MHz to 3 GHz is a potential candidate for our
purposes. 1f we restrict our study to devices that
could operate above 130°C, we find only vacuum tube and
GaAs semiconductor devices. In the case of vacuum
tubes, there is no reason to believe that a wide variety
of devices would not work if special precautions were
taken in fabrication. Included ac possibilities would
be Klystrons, TWT's, and standard ceramic vacuum tubes.
Ot these only the ceramic triode vacuum tubes have been
tested to temperatures of 450°C and found usable. A
small pulsed oscillator is being designed and fabricaced
by General Electric for testing at JPL. This oscillator
could be used as a beacon, a simple telemetering de-
vice, or possibly a radar altimeter. Vacuum tube de-
vices have the potential or operating at either con-
tinuous low power or high peak pulse power, thus they
are ideal for pulsed radar and beaccn applications.

GaAs transistors are available and provide the
possibility of higher efficien..es than vacuum tubes,
since no heater power is required. GaAs transistors
supplied by Microwave Semiconductor Corporation have
been tested at JPL to temperatures as high as 210°C
for a period of 10 days with no noticeable deteriora-
tion of the S~band performance. Operation of these
devices to higher temperatures is likely to be possible
with reduced efficiency.

Antennas

Given that a suitable transmitter can be designed
and fabricated, the power must be radiated to the
observer. Antennas are passive devices constructed of
metal and insulators. They must be structurally solid
enough that the deformations are small compared to the
scale size of the wavelength. In general, the more
directive the antenna is, the more important is the
structural integrity. Also important is the resis-
tivity of the metal surfaces at high frequencies, that
ir, the losses in the antenna are contrjbuted by the
currents flowing near the surface of the met-l, there-
rere, since the resistivity increases with t._.sperature,
the losses will be larger at high temperatures.

Exposed antenna surfaces will most likely have to be
gold plated to insure that active gasses in the atmo-
sphere will not react with the metal raisinc the
resistivity and increasing the losses. Some antenna
components empley ferrite devices for switching, isola-
tion, hybrid combiners, and so forth. Many ferrites
reach their Curie point at faitly low temperatures,

and devices dependent upon high frequency magnetic
meterials may not be available to the designer. Other-
wigse, the antenna system is not considered to be a
serious problem, but systems :o point it are likely to
be a greater problem.

Electromechanical Devices

Electromechanical devices include such things as
motors, solenoids, relays, resolvers, synchros, and
so forth. Transformers are also asually included as
simple machines even though they do not employ mechan-
ical motion. Both adequate magnetic materials and
magnet wire exist for fabrication of transformers for
operation to 500°C. Transformers have been built for
even higher temperatures, however, commercial suppliers
are scarce. Recently, transformers have been built by
General Magnetics for testing at JPL for temperatures
to 350°C. These transformers have opera :d for several
hundred hours at temperatures between 200°C to 30n°C.
As a result, we believe thet electromagnetic devices
of all types can be designed. Presently under testing

are several transformers and reed switches. High tem~
perature motors were demonstcated by General Electric
in the 1950's, but apparently this technology has been
lost. At the present time, few high temperature
electromechanical devices can be found, but madifica-
tions of standard designs siould be possible simply by
substituting high temperature materials for the stan-
dard materials.

Deployment Devices

Spacecraft designers have a number of favorite
devices for deploying spacecrait systems. Among these
are various pyrotechnique devices sucl as exploding
bolts. All pyrotechnique materials become increasingly
unstable as the temperature increases, and the use of
such devices at high temperatures seems out of the
question unless insulation or cooling is provided. A
number of other deplovment techniques seem applicable.
For example, since the temperature increases as we
enter the planetary atmospheres, va- 'ous fusable pins
and plugs can be used to initiate deployment. Pressure
sensitive devices may also be practical.

Conclusions

There are many applications requiring high temper-
ature electronics for space exploration. Presently,
there seems to be no applications requiring systems
operating above 500°C, where very few electronic com-
ponents continue to operate. A number of important
missious can be carried out with 300°C electronics,
most interesting would be the low altitude balloon
studies of the Venus. FEven more extraordinary would
be 4 low altitude airplane imaging system flying only
a few hundred meters above the surface. Although it
ray be several years before such missions could be
considered seriously, a balloon system to study the
Venusian atmospl ce at an altitude of 40 km is being
designed by the Freuch Spccz Agency and initial studies
of 300°C electronics are being :arried out at JPL for
a possible b: lloon mission near an altitude of 18 km.

Electronic systems that are required inciude
instruments, modulators, ultra stable oscillators,
transmitters, power supplic-, and power sources. Many
of these systems would benefit from further work in
high temperature semiconductors. Fspecially lacking
are high temperature diode rectifiers and microwave
transistors. New developments in GaAs and GaP devices
would greatly aid in simplifying the de igr of high
temperature systems. The ultimate 500°C applications
will require new technology. Further work on SiC
semiconductors seem appropriate. The idtegrated
thermionic circuits being developed by McCormick (1978)
at Los Alamos Scientif{ic Laboratory coupled with ceramic
triode transmitters by General Electric could provide
the basic building blocks for the first entry into the
area of 500°C exploration.
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NEEDS FOR HIGH TEMPERATURE ELECTRONICS IN FOSSIL ENERGY PLANTS

W. W. Managan
Argonne National Laboratory
9700 5. Cass Avenue
Argonne, Illinofs 60439

The purpose of this paper is to present needs
tor high temperature electronics in fossil energy
plants by first discussing several case histories
on applications and second by discussing the
measurement methods. This will preseat some of
the typical operating conditions encountered in
addition to temperature as well as the electronic
requirements of high temperature traunsducers,
Emphasis will be place: on unmet measurerient needs
as identified in a Sta.e-of-the-Art Sur\ey.1

Process temperatures in synfuels plants have
wide ranges which may hLe grouped as follows:

1. Ambient (~40°C to + 125°C) (s0las plus
self heat in enclosures);

2. 800°F (426°C) limit for carbon stcel
piping;

3. 1500-1700°F (800-925°C) in combusto:
effluents;

4., 2500-3200°F, in oxygen fed combustors
and magneto hydrodynamic chanrels.

0il and gas well logging tonls encounter
operating temperatures of 100°-200°C.
Under sodium viewing and signalling in
fast breeder reactors cnn be done at
400°F (200°C) during loading or shutdown
conditions.

Measurement methods include:

1. Ultrasonic, velo.ity by time difference
and by Doppler :=ffect (using piezoelectric
transducers) as well as noise vibration,
erosion and safety related measurements;

2. Electromagretic induction, pressure gauges
and flowmr.ters;

3. Capacitive, velocity by cross-correlation
and present-by-weight solids in two
phase (slurry) flows,

All of these, especlally the piezoelectric
and capacitfve transducers, may benefit substantially
by placement of preamplifiers or pulser/receivers
near the transducers to transmit high level, low
impedance analog signals or, in the future, fully
digitized signals.

Future fossil energy plants will require
automated control for efficiency, sarety and
environmental acceptability. Electronics and
transducers capable of operating at and with-
standing temporary high temperatures will be needed.

1N. M. O'Fallon, et al., A Study of the State-of-the-

Art of Instrumentation for Process Control and Safety
in Large~Scale Coal Gasification, Liquefaction, and
Fluidized-Bed Combustion Systems, Final Report,
ANL-76-4 (January 1976).
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HIGH TEMPERATURE ELECTRONICS UTILIZATION
FOR PRESENT AND FUTURE NUCLEAR INSTRUMENTATION

M. Marx Hintze
¥ G & G Idaho, Inc.

P. 0. Box 1625
Idaho Falls, ID 33415

Electronics used in nuclear instrumentation is
compromisea ty restrictions relative to the environ-
ment (temnerature, radiation, pressure, etc.).
Electronics, by necessity, must be located at
congiderable distances from the measuring point.

There will inevitably be many in, .ovements
made in instrivmentation and controls because of the
three-mile-island incident. Improved electronics
capability will complement this surge for safer
controls.

Other areas, such as diagnostics, will advance
rapidly as ability to withstand harsh environments
becomes reality. The remoteness of temperature
measurement electronics significantly reduces
time response. Minimum response time in the
infant controlled fusion plasma diagnostics and
control is wvital.

Fluid density measurements would benefit
from electronics mounted close to a gamma densito-
meter detector. This would improve response time
and stability.

In conventional nuclear reactor instirument
applications, a continuing engineering problem is
the large number of pressure boundary penetrations
necessary. With electronics capable of withstanding
severe environments, the number of penetrations
could be greatly reduced.

Fiber optics and electronics together capable
of resisting temperature and radiation, in the
nuclear reactor realm, would greatly enhance 5
measurement capability along with reducing
mechanical cabling and penetration requirements.

11






Rperrr

E-708

HIGH TEMPERATURE ELECTRONIC REQUIREMENTS IN AEROPROPULSION SYSTEMS

by William C. Nieberding and J. Anthony Powell

Nationa! Aeronautics and Space Administration
Lewis Research Center
Clevelard, Ohio 44135

Summar,

This paper discusses the needs for high tempera-
ture electronic and electro-optic devices as they
would be used on aircraft engines in either research
and development applications, or operational applica-
tions. The conclusion reached is that .he tempera-
ture at which the devices must be able to function is
in the neighborhood of 500° to 60U0° C 2ither for R&D
or for operational applications. In R&D applications
the devices must function in chis temperature range
whea in the engine but only for a moderate period of
time. On an operational engine, the reliability
requirements dictate that the devices be able to be
burned-in at temperatures significantly higher than
those at which they will function on the engine. The
ma jor point made is that semiconductor cechnolopy
must be pushed well beyond the level at which silicon
will be able to function.

Introduction

The purpose of this paper is to describe the
needs for high temperature electronics in the air-
craft engine field. The viewpoi:. exp-esscd is as
seen frow the Lewis Research Certer of NASA in light
of the fact that a major element of the Center's
mission is to perform basi¢ research and development
aimed at imprcving aeropropulsion systems. This view
is also based nn discussions of the topic with many
other groups involved in aeropropulsion both in
government and industry.

The major areas of research and development in
the aircraft engine field today are: (1) higher fuel
efficiency, (2) greater durability, and (3) reduced
emissions, both gaseous and acoustic. There is a
fourth major area of work which is not tied so dir-
ectly with laboratory research and developmen:t but
with flying operational engines. This area is the
reduction of direct operating cost via reductions in
the cost of mainterance and improvements in control
systems. This may well be the most significant moti-
vator of a1l when one gets toy the botcom line.

In *his paper we will endeavor to show that all
these areas of work, separately and together, provide
strong mi.ivation for development of high temperature
electronic end electro-optic devices.

Requirements for Ground Testing of Engines

In this section we will discuss the need for
high temperature electronics for operation on the hot
rot.ating turbine disks of engines used for research
and advanced development. One urgent requirement is
for a multiplexer operating at 500° to 600° C.

The development of a new aircraft engine is a
very long and expensive process. The process can
take as long as 10 years from start on the drawing
board to first engine certified to rfly. During this
process many prototypes are built for testing and
development purposes. These prototypes, as well as
individual engine components, are operated repeatedly
in ground test facilities. For each of these test
runs the engine or component is instrumented with the
maximum number of sensors possible so that as much of
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the desired intormation as paossible is obtained from
each facility run. Ewven after an engine is certified
for flight, problems arise in its operation on air-
craft, or ways of improving its operational charac-
teristics hecome apparent so that this testing pro-
cess continues well iato the useful life of an engine
model. An example of chis is the REFAN program con-
ducted by NASA to modify engines like those on the
DCY9 and the Boeing 727 to reduce the acoustic noise.
This modcl engin: had been in service for many years
but new pressures generated by environmental concerns
made it desirable te go back and redesign parts of it
for reduced noise emission. This program, by the
way, led to the improved engine now or the new
stretched DC9.

The unet result of all this is thiat engine and
engine components receive a lot of testing and this
is a very expensive process. An individual new
engine can cost a3 few million dollars per copy. It
can take the order of twenty of these to come up with
the first certifiable copy. The cost to tear down an
engine, put in new seasors and wiring, and rebuila
for aiothe:r test run is frequently upward of a
quarter williou dollars. On top of all this is the
fact that the cost of performing the test run itself
is skyrocketing because of the rising cost of engine
fuel and test facility operating power. A typical
engine test stand capable of altitude flight simula-
tion uses upwards of 50 megawatts.

These testing costs provide -~ tremendous impelus
toward getting as many sensors on an engine at onc
time as possible in order to reduce the number of
rebuilds and test runs. This is accentuated by the
fact chat every rebuild generates a possible assembly
error which on rare occasion can result in catas-
trophic failure causing loss of engine and/or part of
the facility itself.

What currently limits the number of sensors
which can be instulled and utilized for one test? To
answer this one must look at the current reasons for
engine R&6D. As was mentioned in the Introduction,
two of the main motives for R&D are reduced fuel
consumption, and greater durability. 1In this area of
work, detailed measurements on che hot rotating tur-
bine are required. The example we will discuss is
the need for data from this turbine. Mere is where
the need for high temperature electronics arises.

A fundamental law of thermcdynamics, the Carnot
theorem, says that greater efficiency results from
higler turbine inlet temperature. Another fundament-
al law (related to that of Murphy) says that hotter
rotating machinecy is either less durable or weighs
more. Part of the process, then, of producing more
etficieat and curable engines is one of obtaining
informacion about the temperatures and stresses with-
in the turbine to a level of detail never before
attempted. The level of detail needed in a particu—
lar sect‘on of the engine is, in fact, proportional
to the severity of conditione in that section because
the margin for error is less in those sections where
the temperatures and stresses are the grestest. This
leads to the need for far more data than ever before
from the rurbine disks and blades. This is the
hottest part of the engine other than the combustor
itself. In the turbine the temperatures are not only



very high but they are also very non-uniform due to
cooling flow through small bleed hioles within the
blades.

These very same conditions that make full
instrumentation of the turbine mandatory also make
reliable instrumentation most difficult. In ¢ tur-
bine test of this tvpe, it is necessary to obtain
data from the order of one hundred sensnrs, like
themocouples and strain gnges. mowated on the rotat-
ing blades atd disks. All these seasors can be
=*unted but routing the leadwork becomes impossible.
One is faced with routing a tuw hundred wires down
from the blades and/or disk to tie shaft. From here
they must be routed through a hol: in the hollow
shaft out to some transmission device such as a slip
ring assembly or telemetry device (o get the data
from the rotating shaft to the stationary data han-
diing equipment. The oroblem is that the hole is toe
scall and/or the wires are too thick. 1f the hole is
made bigger, the shaft has too little strength and
its mechanical resonant frequencies begin to lie in
dangerous regions. If the wires are made too thin,
they bre. either in tnstallation and/or in opera-
tior. Compounding this problem, in full scale engine
testing, is rhe fact that there is no telemetry sys-
tem availabie today which is capable of handling all
these channels of data simultaneously in the severe
environment where it must be located.

The current practice is to bring all the wires
to the disk but connect only as many as can be
brought through the shaft. Atter testing is complete
with this configuration, the engine is tora down
solely to allow connecting aucther batch of the
wires. This process is repeated mavbe three to five
times uyanti! all the data is obtained. Not only is
this a terribly expensive process but by the time you
gcl to the third or fourth reassembly of the engine,
many of the sensors and/or wires have failed from
either the rigors of testing or those of disassembly
and assembly. This whole situation is obviously not
very good.

What ic needed is electronics which cau function
in the vaviromaent in the region of the turbine
dis%. Here the teaperatures are in the neighbori.ood
of 500° tu 600° C and the centripetal accelerations
are tens of thousands of G's. What is needed most
urgently is a multipiexer so that all the sensors can
be read out during a single test run. Civen the
rechnology to build the multiplexer, the next item of
interest amay be some form of analog to digital con-

_verter capable of handling the miliivelt level sig~

nals from themocouples. Additicnally, a aigh team-
perature telemetry system to send the sig.als from
the rotating shaft to a starionary receiver would ve
highly desirable. The ideal would be one that
requires no cooling because getting cooling air flow
to these regions is not only complex and e :pcnsive
but also the cooling air flow itself upsets the cun-
ditions in the engine to some extent. It should b:
noted that the capability for celemet.y, multi-
plexing, and analog to digitel conversion ir this
ervironment, except for the high ilemperature, has
already been demonstra.ed.

What we have described here is the need for
rugged electronics to be used at sink temperatures of
about 500° or 600° C. It is most important that
these devices work reliably for the order of 50 to
100 honrs at test conditions. This is not coatinuous
operation, though, because typical test runz last
from 2 to 10 hours. More will be said about reli-
ability in the next section when we deal with the
problems encountered un engines that are on opera~
tional aircrafe.
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Requirements for Cperstional Engines

In this section we will develop the needs for
high temperature electronics op operational engines.
Even though we will arrive at the ssme temperature
ievel requirement of 500" to 600° C, it will be for a
different reason. The functioning temperature level
of the electronics on an operating engine will be
about 300° C kut reliability will dictate a much
higher burn-in temperature.

The most significant problem with operational
aivcraft engines todav is that their direct operating
costs sre too highk and getting higuer. Certainly the
rising cost of fuel is a major coniributor to this
problem. It is the root reason for the R&D awmed at
reduced tuel ccnsumption. Howewer, fuel costs are
not the only major constituent of direct operating
cost. Another major factor is engine maintenance.

As the engines become more sophisticated and complex
in the interest of reduced fuel consumption and lower
weight, they zlso become more difficult and costly to
maintain. This has led tc emphasis on greater dur-
ability aud te modularizatior of engine designs.

Becasuse we seem to be haamering away at costs so
katd here, the reader may get the impression that
these problems apply primarily to the civilian
fleet. Not so. The military is also acutely con-
cerned with these cost problems both because of their
budget constraints and because they are fiying the
latest, mcst sophisticated engines which have not yet
developed the maturity and refincment of design that
usually leads (o reduced maintenance costs.

How does oie know when to pull ar engine from
service and tzar it down for maintenance? The wmost
common criterion is that a particuiar component of
the engine hac operated tor a predetermined nu.ber of
hours or cycles. Another common criterion which tis
used to determine when to remove an engine 1is that
the required thrust cannot be achieved without
exhaust gas tempeiLature exceeding a prrmissible
ltevel. This temporature is monitorea for just this
putpose. It this temperature gets tco high the tur-
bine life is drastically reduced. There are other
criteria used for removing an engine such as the
belching of strange looking flame< or smoke from the
ta‘l pipe or the emission of atypically cacophonous
sounds and vibrations. Though these will not be
considered significant for the purposes of this
paper, they are usually considered urgent in che
extreme by those aboard the aircrafe.

The approaches tn maintenance described above
are nut necessarily cost effective. The fact that an
engine has operated for a given number of hours or
cycles says nothing of the conditions under which it
operated. In the interest of safety, these intervals
are usually se: shorter than really necessary so that
maintenance is frequentiy performed on an engine that
really does not need it. Exhaust gss temperature is
only a2 very gross indicator of health so that the
engine may be in sore need of maintenance before this
criterion demunds 1t. An alternative approach, which
has been tried with some instances of success, is an -
engine mnon.toring system. The ideal moritoring sys-
tem would be on the engine. It should collect daca
on selected engine par<meters and process this data
to a (orm that indicates whether the engine needs
maintenance, pvints to the component needing the
maintenance, and, perhaps, specifies what maintenance
is needed. Such a system, coupled with the modular-
ity of modern engines, will allow rapid access to the
parts needing repair or replacement based on ac:tual
performance data. However, the modularity require-
ment diccates that at ieast some of the electronics
requived for engine monitoring be located on the
engine.

The need for such 4n engine condition monitoring
system leads rather directly to the need for high



temperature electronice. The devices needed here are
for sensor signal conditioning, signa! transamission,
and a monitoring computer. Compared with the re-
quirement discussed in the previous section on ground
testing needs, the device requirements dictated by
this monitoring system at first appear tu be quite
benign. There are far fewer sensors needed. They
are probably not in the rotating environment. The
signal conditioning, transmission, and computing
equipment will not be located right in the very
hottest parts of the engine buf on the outside casing
somewhere wvheres tie temperatures are lower. Careful
consideration of this systrm, though, leads to the
conclusion that the requirements may well be as
difficult to satisfy.

The cperating temperature requirereats for this
monitoring system u-.ually come out to be about 300° C
for high performauce military sircraft or the possi-
ble future supersonic transport.2 This temperature
is set by the fact that the coldest air available at
maximms speed and altitude is at what is called ram
air temperature or total temperature at these flight
conditions. Every other available fluid temperature,
except that of the fuel, is higher. Fuel couvling of
the electronics is now being used in some cases but
it is very undesirable from the standpoint of com-
plexity, weight, and leak potential. Thus 300° to
400° C seems a reasonable target for fiight engine
wonitoring devices. This level does not seem very
severe until one considers the problem of reliability.

Whereas, in the previous section wz came up with
operating time requirements of about 100 hcurs, in
the flight wonitoring system we need thousands of
hours of absolutely trouble free operation. The
primary reason for this is that you will not reduce
maintenance cost if your monioring syst. fails.
Faijure of the monitoring system will result im
either premature engine repair or in monitor:ug sys-—
tem repair or, far worse than these, the indication
that the engine is healthy when it is not. This
leads to the inescapable conclusion that very hign
reliability is needed.

Common practice for achieving high system reli-
ability for a given functional tewperature is to use
components that have be. n burned-in at a significant-
ly higher temperature in order tc weed out potential
failures. The higher the burn-in cemperature, the
shorter the burn-in must be to weed out the bad
parts. An accepte’ le burn-in temperature would be
about the same as "¢ tempera’.ure required for ground
test applications discussed earlier.

A further requirement on c¢perational engines
arises from *he need for more sophisticated engine
control systems. This is being pursued by going to
all electronic controls. These controls are required
in order to achieve peak performance with high effi-
ciency, long life, and safety. Requirements for
modularity, flight safety, and combat survivability
dictaie that this control system be located on the
engine.z This puts it also in an environment like
that discussed for the monitoring system. Indeed the
control computer may slso be the monitoring com~
puter. Thus, engine control requirements result in
about the s.me eavirommental and reliability needs
for electronic devices as do those of the monitoring
systenm.

We should point out here that there is also a
nced for optic and electro-optic devices to operate
on th: engine. This need arises primarily in mili-
tary aircraft. Fiber-optic, rather than electronic
cable, transmission of data from place to place on
the asircraft brings the significant advantages of
enhanced freedom irom electromsgnetic interference
and the ability to send data over multiple paths
without incurving the weight penalties of multiple
electronic cables. Since much of the data originates
on the engine, at least some of the electro-optic
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devices and fiber optic bundles will reside on the
engine and therefore have to operate reliably in the
same therral envirooment a3s the monitoring and con-
trol electronics.

To susmarize this section, the needs of opera-
tional aircratt engine monitoring and control dictate
electronic and electro-optic devices capable of very
high r=lia%ility while operating at temperstures not
too much higher than 300° C. This religbility re-
quiremeat, we believe, will require burm-in at the
500° to 600° C temperature level.

Concludin: Remarks

In this papec we have discussed the needs for
high temperature electronics and electro-optics as
they would lie used on aircraft engines in research,
deve lopment, and operation. The conclusion reached
is that the temperature at which the devices must be
able to function is about the same either for R&D or
for operational applications thoughk the reasons for
arriving at this estimated temperature are quite
different. In R&D appli:ations the devices must
function at this temperature whea in the engine but
only for a moderate period of time. On an operation-
al engine, the reliability requirements dictate that
the devices be able to be burned-in at temperatures
significantly higher than those at which they will
function on the engine.

We have been purposely vague in defining the
temperature goal as bring around 500° to 600° C
because there are arguments for a goal a hundred
degrees ahove and below this temperature range.
major point to be wmade is that we wmust push well
bayond the level at which silic m will be able to
function.

As a final thought, we would like to say that
all of this conscitutes the justification needed to
get support for a program aimed at high temperature
electronics. It probably has little te do with the
most significant future applicstions of these de-
vices. They are presently unknown. Consider the
original justifications for developing integrated
circuits. Th~y were to enable smzll, low power cir-
cuitry for spacecraft applications. As it has turned
out, they were indeed usefvl for these purposes but
these uses have provea to be of trivial impact un
society relative to the other, more mundane uses to
which they are now being applied. At Lewis we had a
high temperature electronics prog-am geing in the
late 60's and early 70's aimed at the needs of
nuclear power systems for spacecraft. Wher that was
no longer supported rhe electronics program went down
the tubes with it. Now we are starting up essen—
tially the same program for completely different
reasons. We cannot help but feel that high tempera-
ture electrcuics will indeed have wide application
not only to the aress discussed at this coaference
but also to far more impertant areas which we just do
not have the vision to predict.

The
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PRESENT AND FUTURE NEEDS IN HIGH TEMPERATURE ELECTRONICS
FOR THE WELL LOGGING INDUSTRY

N. Harold Sanders
Research and Engineering
Dresser Atlas Division
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1020)1 Westheimer
Houston, TX 77001

Introduction

Th economic and peliticai conditions which have
increased the cost of fossil fuels along with changes
in government regulations which have provided the in-
centive to produce hydrccarbons from depths greater
than 15,000 feet, has encouraged the oil exploration
industry to drill to depths not previously considered
eccnomically producible. Thi: increased dralling
activity has placed mere demands upur the well loaging
service companies to provide a wide rang: of logging
and completion services for wells with bottus hole tem-
peratures greater than 2C0°C and pressvrics in excess of
20,000 psi. An example cf this type of activity is
along tne U.S. Gulf Coast, which has @ high geothermal
gradient that can produce temperatures as high as 250°¢C
at depths cf only 16,000 feet.

Standard downhole tools for well leaging measure-
ments are typically rated for an enviromment of 175°C

ambient temperature and pressure of 20,000 ps:l. The
ability to log the hicher temperature wells has geaer-
ally been limited to engineering developmental tools of
tools in which the electronics section 1s housed in
insulating dewar flasks with heat sink compouns. ca-
pable of maintaining cemponent “emperatures below
150°C. The limitation 1n power available from wortable
pewer units has limited the use of thermoelectric units
for cooling.

The Challenge

Leep wells with temperatires and pressures above
vhe linit: of the standard tools have been considered
as cu* w.ities and very limited in number; thus, tne
use .. special tools prepared and operated by engineer-
1ng personnel, although exiensive, was acceptable.
Howevel, as Jeep pays have been prove: a1d the economic
incentive to procuce these wells ha:. -creased, the
am~ =t of decp cxploration activity has significantly
increased. The logging service companies have found 1t
nocessary to develop tools that can be accurately run
by field personnei and which give reliable performarce
for several hundred hours at temperatures greater than
200°C.

Not only has the ieep well put more severe tem-

per * ..e requirements on the tools, but the aced to

iL_.e expensive drilling rig downtown has dictated
_.at a number of different tools be run in combinaticn
on a single logging run. This need has increased the
comp'’ cy of the tools by requiring extensive analog
signal conditioning, as well as the addition of a diqi-
tal communications systrm to transmit the large amournts
of sensor data to the surface over the limited number
of lines aveilable in the logging cable,

Increased complexity in the tool electronics would
normally mean an increase in the tool length since
¢r.lled hole limitations restrict the maximum tool di-
ameter. However, to reduce tool string lenath and
weight, emphasis is placed ~n elimination of flasks and
the miniaturization of electronics through the .. of
medium and large scale integrated circuits and the com-
bination of ICs and discrete components into hybrid
microcircuits.

17

It is this rcquirement that forces the well log-
ging tool des:igner to design for reliable vperation at
high temperature and to put as much circuitry as pos-
sible into the small space available. To meet this
need the designer must have a wide range of semicon-
ductors, passive electronic components, and dielectric
materials commercially available. The key point Lere
is "cnmmercial availability™ such that *ools can be
designed and then manufactured in suflicient quantities
to support the expanding field requirements.

A success®.. high temperature loggina tool is a
combinatior o f various mechanical and electronic com—-
ponents w.th special consideration required in the
application of metals, elastomers, .ables, pressure
seals, feed thrus, as well 3s electronic components.
The following limited discussion addresses only a
seament of this - the electronic components.

The Components

Functional Blocks

The preferred component for a downhole logging
tool 1s actually a functional block, either monclithic
or hybrid, which integrates a complete schematic block
into a single package characterized and tested for high
tenperature operation. This allows maximum utilization
cf available space in the pressure sealed housing and
yives added assurance that the system will function
properly after assembly. The other major contribution
of the functional block integration is the umproved
reliabllity obtained with ¢ .7ponent prescreening and
reduced number of packages with the resulting fawer
interconnects .

Some types of electrrnic functions which are uti-
lized and needed fo: downhole tools include the follow-
1ng:

1. Voltage Regulators - linear and switching
2. Precision Voltage Reference
3. Instrumentation Amplifier with 100dB CMRR

4. D to A and A to D, 12 Bit Converters

S. Wide Bandwidth Cjcrational Amplifier witn tempera-—
ture stable bandwiuth and offse*

6. Precision Comparator
7. High Current, Wide 3and Linear Driver
6, Phase Sensitive Detuctor

9, FET Switch and Driver with low leakage and ON
resistance

1¢. Sample and Hold
11. Logic family
12. Crystal Controlled Uscillator

13. V to é Converter

e

o



Preferred specifications at 200°C for the functions
1isted would be the same as for better parts presently
available at 125°C. Operation with some specification
degradation to <50°C would be acceptable.

Relays

“Relays in downhole tools are kept to a minimunm,
but if made more reliable, would be used. A holding
relay vwhich dissipates power only when actuated is
desirable. At least a DPDT, crystal can size relaywith
self-wiping contacts for dry circuit to one amp loads
is n-eded. More poles and smaller size (70-5) would be
a botus.

Thyristor

SCRs capable of switching up to 35 amps of current
and blocking 800 volts with less than 2.5 milliamps
leakage at 250°C are needed for power control and con-
trol of capacitor discharge.

Diodes

With many of the radiation logging tools requiring
high voltages, there is a particular need for rectifiers
with reverse breakdown voltages greater than 3000 volts
at leakage currents less than 25 microamps at 250°C.

It is expected that GaP devices might fill this require-
ment, but they have remained as laboratory specimens
rather than cummercial catalog items.

Capacitors

Capacitors with the low dissipation factor of Tef-
lon (0.5%) over temperature, the TC of NPO Ceramic
(+ 30 ppm/°C) and a high volumetric efficiency are
needed. Capacitors with these characteristics are
needed particularly for applications such as active
filters and sample and hold circuits. Although Ruby
Mica offers the low dissipation factor and high tempera-
ture operation, its TC exceeds the desired +30 ppm.

Resistors

Fixed resistors using metal films have operated
satisfactor.ly up to 250°C and beyond, but a trimmer
potentiumeter is needed that will maintain its setting
over this same range of temperature. Since thick film
resistive elements on ceramic are suitable for high
temperature, the major factor in obtaining such a device
is in the mechanical design of the contact and drive
mechanism to maintain the precise setting over such a
wide temperature range.

Although selection of fixed resistors to compensate
for circuit variations is an obvious alternative, it
gives considerable difficulty in field calibration and
alignment.

Magnetics

Inductor and transformer design with existing ma-
terials has allowed ror operation up to 200°C for some
time. Operation above this temperature for extended
periods awaits the development of more stable magnetic
materials and higher temperature wire insulation.
Although the designer can remove transformers from most
small signal circuitry, the need for power transformers
for low loss conversion of downhole supply power is
still important.

Dielectric Jdaterials

In several types of logging tools, there is a need
to fabricate portions of the tocl from a dielectric
material to permit the transmission of electric fields
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or to isolate an electrode from an adjacent conductive
housing, For temperatures up to 200°C this has been
accomplished by use of epoxy/polyimide glass laminate
because of its mechanical strength ard its ability to
be machined to precise dimension in any shape. The
epoxies presently used begin to deteriorate rapidly
with storage at temperatures above 200°C so new mate-
rials are needed to extend this capability.

Conclusion

New developments and increased vendor interest in
high temperature electronics have definitely improved
the availability of components for hostile enviromment
equipment. This paper has attempted to show that the
market continues to expand and opportunities exist for
the continued growth of commercial products in well
logging services.
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PASSIVE COMPONENTS FOR HIGH TEMPERATURE OPERATION
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is coupled into the graphite susceptor causing it to
heat., Temperature of the susceptor is messured with
a type-K thermocouple.

The vacuum pump is a special chemical-grade rough-
itz pump designed tu withstand the pumping of corrosive
gases., Prior to the application of RF power, the at-

" mospheric pressure is reduced to the pressure limit of

Thin €ilm technology has been well-established
as a viable and necessary part of modern microelec-
tronics. Extending the technology of thin films for
use at high temperatures has required the developaent
of new materials and processes in order to meet the
required electrical specifications at elevated tem-
peratures, By developing thin filw components for
high temperature applications such as geothermal well-
logging, aircraft engine instrumentation, and nuclear
reactor monitoring, it will be possible to provide
high circuit density and improved reliability.

One of the major objectives in developing thin
film materials and processes has been to ensure that
they would be fully compatible with standard silicon
integrated circuit technology. This would lead to
the ability to adapt one or more of the processes in-
to existing processing lines with minimum disturbance.
The passive components must also be compatible with
hybrid circuit fabrication and, if possible, Inte-
grated Therumionic Circuits.

Research and development work at The University
of Arizona has been directed toward resistors, capa-
citors, and interconnect m>talizationms. The use of
Low Pressure Chemical Vapor Deposition (LPCVD) has
been used in material development and component fab-
rication. This is a major departure from the stan-
dard thin ff'm deposition method of sputtering and
thermal evaporation, LPCVD by its very nature is a
process which allows the passfve components to be
fabricated at temperatures higher than their highest
required operating temperature.

The deposition of thin films by LPCVD is accom-
plished by reacting one or more gases on the surface
of a heated substrate. The major comprnents of an
LPDVD reactor are ill:istrated in Figure 1,

Preso re Gouge
[

Sueceptor Lead Door
Goe Floy
Vert ‘C_:ntrolJ

Cold wall LPCVD Reaotor

Figure 1. Pictoral representation of the major in-

ternal components of the LPCVD reactor.

The substrates to be coated are placed on the
graphite susceptor and then loaded into the center of
the quartz reaction tube. RF power is applied to the
coil on the outside of the reaction tube which in turn
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the pump; the carrier gas is turned on, and the pres-
sure _ set. Pressures of several torr or less
are typical, with carrier-flow rates of 0.1 to 2.0
liters/min. Nitrogen, hydrogen and helium are typical
carrier gases. These are controlled with mass flow
controllers and the pressure is continuously monitored
with a capacitive manomccer.

Material selection is of primary importance in
designing high trmperature passive components. All of
the materials must have the desired 2lectrical proper-
ties, and they must also have compatible mechanical
properties including coefficient of expansion, stress,
and ad“crence. Without t.= required mechanical proper-
ties, the components would anot survive long enough to
test. A group of materials that can be deposited by
LPCVD and which also are electrically, chemically, and
mechanically well-matched are:

(1) Tungsten
(2) Tungsten-silicon
(3) Silicon . tride

Substrate materials are equally important for the same

reasons; the two substrates recommended are:
(1) Oxidized silicon wafers
(2) Sapphire.

The reactions to forcz the materials are:

GFG + 3H2 -+ W + 6HF

ﬂ?6 + SiH

3SiH

4
+ 4NH

+ “2 + W - 51+ HF

4 3~ SiJNA + 12E2

Not only must the materials be compatible, but so also
must the deposition reactions at elevated temperatures
so that the depositlon of one material does not destroy
the previously deposited thin film layers.

Delincation of the materials is accomplished with
standard equipment and processc. used in silicon IC
fabrication. The thin films can be etched by wet chem-
ical etches, or by plasma etching. Negative photore-
sist has been used since the developers for positive
photoresists are basic and therefore tend to etch the
tungsten,

Specifications for thin film resistors required
stable operation to 500° C. with temperature coefficients
of resistance (TCR) less than 50 ppm/ C. over the entire
tenperature range. The material selected for the re-~
sistors was tungsten-silicon deposited by LPCVD. The
characteristics of the tungsten-silicon can be adjusted
to meet the requirements of high temperature opsvztiion,
stability, and low TCR,

Tungsten-silicon is grown from the reaction of
tungsten hexafluoride, silicone, and hydrogen:

WF, + SiH

" +H

+W~-51 +HF + H

6 2 2

The ratio of tungsten to silicon can be varied. The
TCR can be made both positive or negative depending on



the process parameters used., Figure 2 is a resistance
vs. tempearature curve for a W-S5i rcsistor. Typical re~
sistivity of the tungeten-silicon used for the resis-
tors is 2,500 uQ.cm., Sheet resistors range from 50 to
1000 0/0] and TCR values from -50 to 50 ppm/°C. The
process is compatible with silicon IC fabrication and
thin film capacitor proceases.

1o.or {

5,9.0T +6ppu/°C. 4
-t

2

-

-

"

@

»

“s.0}

- . N N
0 100 200 100 400 500

Tesperacure, c®

Resistance versus temperaiLure curve for a

Figure 2:
W-Si thin film resistor TCR = +6 ppm/°C.

The thin film capacitors are designed to operate
from room temperature to 350° C. and to f£ill the need
for high temperature capacitor with capacitance up to
0.1 uF. Work voltage is specified at two points:

(1) 50 wvbc at 25° ¢,
(2) 20 WvDC at 350° C.

With a 20-volt bias applied across a capacitor
at 350° C., the DC resistance must be greater than
ix107 q.

Diesipation factor is required to be less than
0.010 at 1 Klz. over the above temperature range.

Capacitors are parallel plate structures using
oxidized silicon wafers as substrates; however, sapphire
could be used. A cross-section is illustrated in
Figure 3.

SILICOR
NITRIDE

SILICOR SUBSTRATE

Cross-section of thin film capacitor.
Tungsten is used for the parallel plate
ele~trodes, and silicon nitride 1s used for
the dielectric layer and the passivation,
All materiala with the exception of the al-

Figure 3:

uainum bonding pads are deposited by LPCVD,
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The electrodes are turgsten and the dielectric layer
and passivation are silicon nitride. Bonding peds are
thermally evaporated aluminum.

With LPCVD deposition of the layers, pinhole prob-
lems in the nitride have not been encountered, and it
has tievefore heen possible to fabricate capacitors
with several square centimeters area. Typical capaci-
tance is 0,02 uP/cn.z; areas as large as 4 cm, have
been used.

The relative dielectric constant of the silicon
nitride 1s 8.6 and the dissipation factor due solely
to the silicon nitride is 0.0002, Forlarge value ca-
pacitors, the series resistance term becomes the domi-
nant factor in increasing the dissipation factor, The
total dissipation factor is generally less than 0.003
at 350° C. and 2.0 KHz,

In order to meet the DC resistance requirements,
it is necessary that the silicon nitride have very low
conductivity. The conductivity is a function of both
the temperature and the applied electric field so both
must be coasidered when designing a capacitor. Capac-~
itors which were fabricated exhibited a temperatirre co-
efficient of capacitance of approximately +70 ppm/°C.;
a typical capacitance-temperature relationship is shown
in Ficure 4.
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Fipure 4: Capacitance as a function of temperature
for a thin film capacitor.

The processing needed to form high temperature
capacitors with areas up to 4,0 c¢m.“ and capacitance
values to 0.1 uF has been developed to the point where
it can be transferred to commercial production,

Table I shows the salient features of the process.

By extending the use of the LPCVD tungsten, inter-
connects between passive components can be formed. If
the tungsten is deposited directly over the surface of
a silicon wafer that has been processed to the point
where it is ready for the metallization, tungsten can
be substituted for the normal aluminum intercomnect
metallization.

Aluminum as an interconnect metal on silicon inte-
grated circuits has a number of problems when high cur-
rent densities and high operating temperatures are
present. Under these conditions, electromigration



of the aluminum can occur, causing the physical trans-
port of silicon out of the contact regions of the sili-
con,

TABLE 1

HIGH TEMPERATURE CAPACITOR MANUFACTURING PROCESS

1. LPCVD TUNGSTEN - 2,000 A.

2. PHOTOLITHOGRAPHY -~  BOTTOM ELECTRODE

3. LPCYD - 513NA (3500 A) FOLLOWED BY LPCVD TUNGSTEN (2000 A, TOP ELECTRODE)

4. PHOTOLITHOGRAPHY - TOP ELECTRODE

5. LPCVD - Si
6, PHOTOLITHOGRAPHY -

7. ETCH Si3N6

8. PHOTOLITHOGRAPHY - REMOVE ETCH MASK

9. ALUMINUM CONTACT EVAPORATION

10. PHOTOLITHOGRAPIIY - ALUMINUM CONTACTS.

11. TEST.

Failure of the interconnect ther occurs; the failure
rate 18 accelerated as the temperature is increased.
Failure can also occur because of poor step coverage
of the aluminum used in silicon IC. Tapered regions
in the interconnects often form in the bottom ot the
steps during the deposition process.

Tungsten was investigated as a possible material
for use with high temperature silicon IC to avoid the
problem of premature failure of the metallization at
elevated temperatures.

The contact regions between tne tungsten inter-

connect and the silicon must form ohmic contacts.
This was investigated as a function of silicon doping,
process parameters in the tungsten deposition and tem-
perature., Ohmic contacts were formed in both n- and
p— type silicon for ghosphorus doping levels of 4 x
10'8 =3 to 5 x 1020 -3 and boron levels of 2 x

10V? cm.‘3 to 1,0 x 102% cm.~3, The ohmi: character-
istic of the contact is seen in the linear I-V rela-
tionship for a 10 ym x 10 um contact shown in Figuge 5.

1.0

CURRENT (@A)

YOLTAGE (a¥)

(1 000 A, PASSIVATION) AND LPCVD TUNGSTEN (2,000 A, USED AS ETCH MASK)

CONTACT WINDOWS IN TUNGSTEN ETCH MASK.

Figure 5: 1I-V .urves for ohmic contacts to n- and p-
type silicon. The solid line represents tungsten met-
allization, and for the comparison, the dashed line is
for an aluminum/silicon contact to n-type material,

Tests for electromigration were made using two
metallization strips; each strip was 10 pm wide and
0.5 ym thick. They were designed so that the current
could be injected into or brought out of th tuagsten
through a silicon contact or through the tungsten alone.
Mne strip was designed to traverse .5 um of oxide strips.
The contact resistance between the silicon and tungsten
could also he monitored separately.

No evidence of electromigration wa= seen in the
tungsten at current densities of &4 x 105 a/cm.? for 72
hours. Tests were run at substrate temperature from
259 ¢, to 300° C. The actual temperature of the inter-
connect was somewhat higher due to the power dissipated
by the test current.

Critical current densities (current density at
point of interconnect fatlure) were 4.5 x 106 A/cm.zfor
Si3N;, passivated tungsten, and 5.7 x 10° A/em.? for
hydrogen-annealed tungsten.

SEM microphotographs of the tungster over oxide
steps indicated excellent step coverage. No failures
due to exceeding the critical current densities occur-
red in the step regions,

Schottky diodes were also formed between the tung-
sten and the ailicon wafer; however, they were leaky.
It is now felt that the leakage current was the result
of improper diode design rather than an inherent prob-
lem in forming good Schottky diodes betwe=n silicon and
LPCVD tungsten,

This work was sponsored by Department of Energy,
Division of Geothermal Energy.
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DEVELOPMENT OF AN 1100°F CAPACITOR*

Robert E. Stapleton

Panelvision Corporation

2R5 Kappa Drive

Pittsburgh, PA 15238

SUMMARY

The feasibility of developing a high
temperature capacitor for 11000F operation
which is as small and light as conventional
capacitors for normal operating temperztures
is discussed in this paper.

Pyrolyic boron nitride (PBN) was select-
ed for the dielectric after evaluating three
other candidate materials at temperatures up
to 11009F. PBN capacitors were made by slic-
ing and lapping material from thick blocks
and then sputtering thin film electrodes.
These capacitors had breakdown strengths of
7,000 volts per mil and a dissipation factor
of less than 0.001 at 1100°F.

additional processing improvements were
made after testing a multi-layer or stacked
PBN capacitor for 1,000 hours at 1100°F.
Sputter etching the wafers before depositing
electrcdes resulted in a 2-3 fold reduction
in dissipation factor. A sputtered boron
nitride film applied to the outer elecirode
surfaces produced a more stable capacitor.
This data will be presented together with a
design for a 0.1 pF capacitor and a summary
of PBN wafer fabrication costs.

INTRODUCTION

Capacitors were one of the electrical
components that limited the operating temper-
atures in the advanced electric power systems
being developed for spacecraft in the 1960s.
As electric power requirements in spacecraft
increase, the amount of power lost as heat
also increases. This heat must be removed to
keep temperatures from building up beyond the
operating limits of the electricai compo-
nents. Specially designed mica capacitors
were available for 750°F operation but these
devices were larger and heavier than standard
units. 1In order to build a higher temperc-
ture-lightweight capacitor, a better die-
lectric was needed.

MATERIAL SELECTION

At least ten different dielectric mater~
ials were considered initially as candidates
for a high temperature capacitor, From pub-
lizhed data, four likely materials were sel-
ected for test: single crystal A),03, poly-
crystalline Al;03, hot pressed BeO and pyro-
lytic boron nitride (Pyrolytic boron nitride,
formed by a chemical deposition process at
3600°F, is a denser and purer material than
compressed and sintered boron nitride).
Wafers were sliced from blocks or pieces of
the candidate materials and then lapped and
polished. Since capacitance varies inversely
as the thickness of the dielectric material,
the wafers were made as thin as practicable.
The thinnest wafers were produced from pyro-
lytic boron nitride (PBN). This material is
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soft (Moh's scale-2) and less brittle. It
was found that PBN could be lapped into flex-
ible, pin-hole free wafers as thin as 0.0004
inches from thick blocks of starting material
(0.

After careful cleaning, thin film elec-
trodes of platinum - 20% rhodium were applied
by DC triode sputtering. Glass masks were
used for pat’ 2rn definition. A small test
furnace was built to fit inside an 18-inch
glass bell jar that was pumped to the test
pressure of 1-4 x 1)-7 Torr with a liquid
nitrogen trapped diffusion pump. Elec-
trical tests of the single wafer capacitors
in vacuum at temperatures up to 1100°F
showed that pyrolyic boron nitride was by
far the best material. The dissipation
factor of PBN capacitors was less than
0.001, 10 to 100 times better than that of
capacitors made from the other candidate
materials as shown in Figure 1.
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ALUNINUM OXIDE
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A
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¢.001
! ) -
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0.0001 11 200 400 600 900 1000 1200
TEMPERATURE (°P)
Figure 1. Comparison of Dissipation Pactor

Versus Temperature for Candidate
Purity Materials.



Figure 2 shows that the change in capacitance The platinum sputtering targets were posi-
from room temperature to 1100°F was minus 1.7 tioned on opposite sides nf 1 wafer. The
percent corpared with plus 10 percent for wafer was clamped between two glass masks as
single crystal Alp03. The measured DC break- showa in Figure 4 so that both surfaces of
down voltage was 7,000 volts per mil for a
0.001 inch PBN capacitor at 1100°F, compared

to 1800 volts per mil for the closest com- [7

peting material (single crystal Al,;0,). ‘ \JE;E:“_.;:l
|
N N e ) (N N (R TR (RN S TR Y | S
DERYLLIUM OXIDE |
3 o ) = i

WAFER
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N
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= Figure 4. Glass masks used ‘or sputtering
~ electrodes on tahbed wafers.
—
- P“ﬂ“HCBOW;:;:;:ﬂJ_ 7 the wafer were coated a* the same time in-
cluding the conducting path around each tab.
O | (O [ PO £ [ | By properly orienting the tabbed wafers,
00 400 600 BOQ 1000 1200 alternate electrodes are connected together
TEMPLRATURS (*F) as shown in Figure 5. The total measured
capacitance of each stack is then the sum of
Figure 2. Change in Capacitance From Room the capacitances of all wafers.
Temperature to 1100°F for Candi- —
date Materials. CAPACITOR WAFER CAPACITOR WAFER
ELECTRODE
PYi'OLYTIC BORON NITRIDE CAPACITORS
To obtain higher capacitance units,
individual PBN capacitor wafers were shaped,
electroded with sputtered platinum and stack-
ed. Actual capacitor wafers (rectangular and
round with tabs) are shown in Figure 3.
WAFER M. | (BT )
WAFER NO. 2 1 - |
WAFER NO. 3 ﬁr_zn—&;
waRNOA B —————1
WAFER NO, 5 T n s |
PARALLEL INTERCONNECTION SerEME

Figure 5. A Five-Layer Stacked Capacitor
Showing Tabbed Wafers and Electrode
Geometries and Electrode Orienta-
tion Necesuary for Parallel

Figure 3, Photograph of Rcctangular PBN Electrical Interconnection.

Capacitor Wafers and tabbed 0.750-inch

diameter wafers




TABLE 1

pyrolytic Boron Nitride Capacitor Compared with Lower-Temperature Capacitors*

Capacitance
DC Maximum Capacitance Volumetric Change from Dissipration

Capacitor Working Operating per Unit Volume Efficiencg Room Temp. Factor

Type Voltage Tenmp. (°F) (pF/in. 3) (pF-V/in. to At 1 kHz
Metallized
Polycarbonate 600 200 0.54 320 200°F,+1% 0.002 at 2000F
Teflon, Foil - _ o
Electrédes 200 400 0.64 127 4009F ,-4% 0.001 at 400°F .
Mica om .
(commercial) 15¢C 750 0.13 19 750YF,-4% 0.02 at 7509F
Mica Op _n °
(experimental) 250 900 0.03 8 900“F,~-25% 0.10 at 900°F
Pyr lytic 500 to 0.8 to 1.74 400 to 1740  400°F,-05% 0.0ul at 400°F
Boron Nitride ;44 1100 {uncased) (uncased)  11009F,-173 0.003 at 11000F

(5-wafer stack)

*Yalues are typical €or the general types of dielectric systems indicated.

Electrode thickness is negligible (about
0.00001 inch) making the total stack height
essentially the sum of the thicknesses of the
PBN wafers. This construction produces high-
er capacitance per unit volume than that of
other capacitor types, and also conrsiderably
higher volumetric efficiency. These and
other qualities are compared in Table 1 for

a PBN capacitor and several commercial
capacitors.
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A 5 wafer PBN capacitor was life teste:
at 11009F in vacuum for a total of 1120 hours
at a DC voltage stress up to 1,060 volts pe.s
mil. Figure 6 shows the change in dissipa-
tion factor and capacitance as functions of
time and increasing voltage. Note, however,
that a more rapid change in capacitance
occurred at 477 hours which corresponds to
an increase in energizing voltage from 750
to 1,000 volts per mil. Subsequent analysis
showed that these changes were probably; dus
to a slight separation of electrodes from the
wafer surfaces in the statked capacitor.

FABRICATION IMPROVEMENTS

Two methods were developed to iaprove the
electrode adherence on PBN wafers in a
stacked capacitor. The first method was to
RF sputter cetch (texturize, both surfaces of
a PBN wafer just prior to depositing elec-
trodes. This treatment produced an ultra
clean surface and electrode adhearance values
greater than 1,000 psi. A 2-3 fold reduction
in dissipation factecr was an unexpected bonus
compared to capacitors made without etchirg.
The reduction in dissipation factor is attri-
buted to the removal of mechanically distur™ 4
surface layers produced during final lapping.
About 3,000 angstroms was remover from each
surface of a PBJ wafer by sputter etching.
Rem¢vali of additional material had a negli-
gible affect on dissipation factor.

The second improvement was to deposit a
diffusion barrier layer over the outer sur-
faces of each =lectrode to prevent inter-
electrode bonding in a stacked capacitor.
Boron nitride was RF sputtered from a PBN
target using a glass mask to protect the
contact tabs. About 500 angstroms of boron
nitride was deposited on each electrode at
70 angstroms per minute.

A three wafer capacitor was tested that
incorporated these improvements (sputter
etching and BN barrier layers). Figure 7
compares the rate of change in capacitance
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Pigure 7. Comparison of the Change in Capa-
citance Versus Time at 500 V dc/Mil
in Vacuur at 11009 F for Pyrolytic
Boron Nitride Multi-Layer Capaci-
tors With and Without Sputtered
Boron Nitride Barrier Layers.

versus * ne for the improved 3 wafer capaci-
*or and the origiral 5 wafer capacitor. The
3 wafer capacitor shows a negligible change
in capacitance for the dur~tion of the test
(75 hours at 1100°F).

LARGER PBN CAPACITORS AND COST ANALYSIS

The specially designed ceramic package
shown in Figure 8 was fabricated to provide
the necessary compressive forces, orient and
hold PBN capacitor wafers and provide a
hermetic enclosure. More than 40 defect
free PBN capacitors were made with sputter
etched surfaces and boron nitride barrier
layers for this package. The package has
sufficient internal volume to hold more
than 360 capacitor wafers which would be
equivalent to a { 1 uF capacitor. In 1976
a cost analysis was made based on yield
lata from previous laboratory experience
with this process. A 16 percent overall
yield assumption was made (from raw material
to final test). The cost to fabricate 572
finished wafers (equivalent to 0.16 uF) was
about $51,000. Half of this cost was for
purchased raw materials (PBN} in the form of
1 x1x 1/8 inch hlocks.

/ “’”’i{\\\\\\\\\\\\\\x\'\%‘\\\

8 9 10) i

FPigure 8. PBN Capacitor Hermetic Package -
9 Volume 0.87 Ind { to 0.luF)

CONCLUSIONS

. Pyrclyic boron nitride capacitors o‘fer
the promise of high stability and reliability
uver lang periods in a wide range of environ-
ments and operating conditions. These new
capacitors should find use in many demanding
applications. The cost to make these capa-
citors by slicing and lapping thick blocks of
material is a deterrent to commercialization.
A study of methods of producing low defect
thin films of PBN would provide the basis
for a more cost eftective high temperature
capacitor technology.
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LEGEND (Figure 8)

1. Al,03 Cylindrical Ring
(1.5 inch 0.D.)

2. Top Ring, Cb-1%2r

3. Top Plug, Ch-l%ir

4. Spring Aligmment disk, Mo

5. Bellville Spring, Ta(T-11ll)

6. Electron Beam Weld

7. Braze Alloy, 60Zr-25v--15Cb

8. Aly0;3 Cylinder

9. Metailized Be0 Disk, Sputtered
Mo

10. Spring Support Plate, Mo

11. PBN Capacitor Stack, 0.78
inch dia.

12. Pressure Plate, PBN

13. Alignment Bushing, PBN
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HIGH-TEMPERATURE MEASUREMENTS OF Q-FACTOR IN ROTATED X-CUT QUARTZ RESONATORS*
I. J. ¥ricz
Sandia Nationa: uboratoueuf
Albuquerque, N. M. 87185

The Q-facvors of piezoelectric resonators fab-
ricated from natural and synthetic quartz with a 34
rotated X-cut orientarion have been measured at tem-
peratures up to 325°C. The synthetic material, which
was purified by electrolysis, retains a high enough Q
to be suitaole for high-temperature pressure-trans-
ducer applications, whereas the natural quartz is
excessively lossy above ~ 200°C for this application.
The present results ar2 compared to results obtained
previously on AT-cut resonators.

Introduction

Quartz-resonator pressure transducers are being
developed at Sandig Nalional Laboratories for high-
temperature (& 300 C) applications in geotechnology
areas.! Areas of particular interest include survey-
fag of geothermal and deep oil and gas resources. In
order for a crystal resonator to be used as a pressure
gauge, the effect of temperature changes on the res-
onator frequency must be minimired compared to the
pressure-induced {requency shift. Thus it is desirable
to use a resonator design that is temperature-compen-
sated to as high a degree as possible over the tem-
perature range of intcrest. Plate resonators operating
in the thickness shear mode are generally utilized in
temperature-compensated applications, as they have
turnover points in their frequency vs temperature
characteristics. This means that the derivative
df/dT (f = frequency, T = temperature) is zero at some
appropriate temperature. For applications around
200-3C0 C, a rotated X-cut orientation of the resonator
plate has been shown to be more suitable than other
temperat-re-compensated urientations because it
exhibits a lower curvature of f(T) at the turnover
point.? The geometry of the rotated X-cut plate is
shown in Fig. 1. Here a rotation angle of € = 34° is
showm, as this is the angle that provides compensation
in the temperature range of interest.

z ROTATED
2’ X-Cut
X\ 0=34° QUARTZ

Illustration of the 34° rotated X~cut
orientation used for temperature-compensated
pressure gauge applications.

Fig. 1.

A more detailed description of the pressure gauge
being developed can be found in Ref. 1.

Although the rotated X-cut orientation has been
found to be optimum from the viewpoint of its frequency
ve temperature and pressure characteristics, there are
no data in the literature on the Q-factor of resonators
with this orientation., For stable and reliable gauge
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operation it is necessary to have a Q of over ~ 10°% for
all operating temperatures.! 1t is known from previous
work on quartz that the Q depeids on a number of factors
including crystalline orientation, growth conditions
(natural or synthetic), sample preparation, and the
number J4nd type of defects present., The present work
was undertaken to characterize the temperature depen-
dent Q-factor of rotated X-cut quartz resonators
fabricated both from natural and syathetic (electrol-
yzed) materiai.

Exper inents

Four samples were studied in the present inves-
tigation: c¢wo natural quartz samples from Hoffman and
two synthetic cuartz samples from Sawyer. The Sawyer
material was elz2ctrically swept (electrolyzed) at
Sandia. Plano-convex resonators with deposited Ay
electrodes were fabricated and chen mounted in her-
metically sealed cans. The samples were heated in a
tube furnace, and care was taken to stabilize the
temperature before taking each Q measurement.

The simple apparatus used for the § measurements
is shown in Fig. 2.

TEST APPARATUS

fcequency vector

resonator

voltmeter
current view
resistor

synthesizer

;

fus -
fo

-1 '-45

Fig. 2  Apparatus used for Q measurements -

The output of a frequency sythesizer is used to excite
the resonator and is simultaneously applied to the
reference terminal of a vector voltweter. Current flow
through the resonator is monjtored via a current
viewing resis.or, the voltage across which is applied
to the signal input of the voltmet2r. To ensure that
the rasonator is excited by a low impedarce source, the
output of the synthesizer is shunted by the resistor
shown to the left of the resonator in the drawing.

With this arrangement t%e voltmeter measures the complex
admittance of the resonator. Provided that the res-
onance is sufficiently strong, the width (at the half
power points) of the resonance is the difference of the

frequencies fl.5 and f -45 vhere the current and voltage

are + 45°% out of phase.® For the resonators used in
the present work, the resonances were somewhat weaker
than expected under ideal conditions. Because of this,
it proved impractical to rieasure Q values below about
5 x 10" readily, as doing so would have required a



point-by-point tracing our of the resonance circle in
the complex admittance plane.’

All the data presented in this paper were obtained
at the third overtone (f==3 Misz) of the resonators.
Resonator data are typically obtained at the fifth
barmounic, ‘but for the present devices the third har-
monic exhibited a higher Q and a stronger resonance
than did the fif h,.

Results

Typical data showiul the tenpetature-indured
shift in rasonance fregquency for a 8 = 34, o° rotated
X-cut reson.tor at atmosgpheric pressure are showm in

Fig. 3.
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Fig. 3. Fracrional change In resonant frequency vs.

temperature for a (contoured) rcotated X-cut
resonator.

Also shown in this figure is the magnitude of the
frequency shift produced by a pressure incrgase of

100 psi for an actual pressure gauge at 275 c.} For
the resonator measured, the turnover point is at 300 Cc,
compared to the value of 220°C expected from the data
in Ref. 2. The shift in turnover point is believed due
to the resonators in the present work being slightly
contoured whereas the previous work pertains to flat
plates.

Typical data for Q as a function of temperature
are shown in Fig. 4. The quantity actually plotted is
the loss Q-l (on a logarithmic scale), as is conven-
tional. The upper curve is for the natural (unswept)
material, For this sample there is a loss peak at
~ 70°C and a rapid increase of loss with temperature
above 200°C. As mentioned above, it was not convenient
with the simple appara:us utilized to measure values of
Q much lower than 5 x 10", However it was observed
that the loss did continue to increase with increasing
temperature up to 300°C.
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Fig. 4. Trpical Jata for acoustic loss Q.1 up to
325°%C. -Data were taken at 3 MPFz (39 harmonic).
Data obtained ‘or a sample of synthetic swept
quartz are showu in the bottom part of Fig. 4. The
dr- atic improvement due to the electrolytic purifi-
cation is tmmediately apparent. Since the Q is mure
than 2.5 x 10° over tke entire range of temperature,
it appcars that synthetic swept quartz is suitable for
pressure gauge applications. Data obtained on the
other sample of swept synthetic material are similar t
those shown in Fig. 4. An important point to mention
with regard to the present data is that the actual
intrinsic Q of the swept synthetic material may be
higher than the data indicate. This is because the
rasonators were plated and the resulting stresses may
dominate the loss for high quality quartz. Previous
workers have noticed this effect,® and for reliable
measurements of Q 2 10° it is advisable to drive the
resonator by capacitive coupling across a gap.

Discussion

It is of interest to compare the present results
with those obtained in previous studies of resonator
loss as a function of temperature. Most of the
previous work in this area has been done on AT-cvt
thickness shear resonators. The extensive early work
that was done has been reviewed by Fraser,® who discus-
ses in detail the effects of impurities, radiation, and
electrical sweeping on the temperature dependent
acoustic loss. Nowick and Stanley® have given a group-
theoretical analysis of dielectric and acoustic re-
laxation in quartz and have used the results to
interpret data in the literature.

From symmetry consider:*ions, Nowick and Stanley
have argued that all pure shear mode deformations will
couple to relaxational normal modes transforming
according to the doubly degenerate E representation of
the crystalline point group (D3), Since the AT-cut
thickness shear mode involves a pure shear deformation,
and since the rotated X-cut thickness shear mode {is
very nearly a pure shear mode,*® one wuld expect sim-
ilar anelastic behavior for the two different ori-
entations. Of course, the magnitudes of the anelaa®i:



relaxations cannot be deduced from symmetry aryuments.
Nonetheless, it is not particular.y surprizing that
the data of Fiy. 4 are somewhat similar to previously
published data on AT-cut regonators fabricated from
natural and swept-synthetic quartz.

The previous work’® on anelastic loss in quartz
resonators has led to a partial understanding of the
relation between various impurities in the samples and
the various loss peaks observed. Unfortunately, the
behavior at low temperature is better understood than
at high temperature. All quartz, natural or synthetic,
contains a significant number (2 5 ppm) of alumirum
(A21) impurities which substitute for silicor in the
lattfce. Tlese defects are charge-compensated by
alkali ions (Na+, Lit or K+) at interstitial positions
adjacent to the AR. Compensation by protons is also
possible. The motion of the interstitial {on among
equivalent positions in response to the acoustic stress
is an important mechanism for producing acoustic loss.
Careful electrolytic sweeping can remove the alkali
impurities, and it is believed that protons or, in
certain cares, holes provide charge compensation
of the A2%*, Vater may also be incorporated into the
quartz lattice (eg during growth) by replacing a
Si-0-Si bridge with two Si-O-H structures.

For natursl quartz the rapid rise in loss above
200°C as seen in Fig. &4 is believed due to alkali 'if=-
fusion in r:@sponse to the applied stress, Removal of
alkalis by electrolysis is necessary to reduce this
source of loss. The loss peak shown at 70°C in
Fig. 4 may be of the same origin as a similar peak
observed in natural Brazilian opaline quartz and in
fast z-growth synthetic quartz.” It appears to be
associated with OH bonds.

The data for synthetic qu=rtz in Fig. 4 do not
show any evidence of acoustic loss peaks. The previovs
work on AT-cut resonators has shown that loss peaks
usually are obscrved, but that they are quite weak. It
appears that tle background loss due to electroding and
wount ing may have obscured any small loss peaks in
the prusent mcasurements.

Conclusions

Two main conclusions may be drawn from the present
work. The first is that the acoustical lo.s prorerties
of rotated X-cut resonators appear similar to those
of the widely studied AT-cut. Thus most past
expec fence on AT-cut resonators may provide a
valuable guide in designing devices using the rotat.d
X-cut. The second conclusion is that electrolyticaily
swept synthetic quartz appears to hare sufficiently
high Q for pressure gauge applications, whereas
naturgl quartz is unsultable for terperatures above
"~ 200°C.
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ASSESSMENT OF HIGH TEMPERATURE

METALLIZATIONS FOR 121. AND QMOS

TECRNOLOGIES

A. Christou and B. R. Wilkins
Naval Research Laborate:y
Washington, D. C. 20375

Introduction

As part of tic Navy's high temnerature clectronics
progran, high temperatux~ barricr metallizations werc

asscsscd and tusted for IzL d CMOS applications. Life
tests were accelerated to 375 C in view of the -55°C
+300 C temperature range cstablished for cngtnc—locntcd

¢lectronics without fuel cooling.

The gold-refractory metallizations evaluated were
Au-TiW-PtSi, Au-TiW/Ti0,/TiW-PtSi and Au-TiW(N)-PtSi.

These metallization systems were thermally anncaled to
at least 375 C for up to 250 hours. The critical re-
quircment for stable diffusion barrier is the TiW grain

size. Small gruxn (2508-500%) films were observed to be
stable up to 375 °c. Deposition to TiW diffusion barrier
in the presence of oxygen and nitrogen also rcsults in
an cffective diffusion barrier. Life tests at 340°C up
to 100 hours have been complated.

AES profiles of the PtSi indicates some penctoation
by the TiW. 1n the casc of PtSi/TiW interface, the re-
distribution of oxygen further passivates the system by
forming a Ti02 layer at the interface. Characterization

of IzL devices subjected t. 340°C anncais will also be

presented.

High Tempecrature Mctallizations

The Au-TiW System

Previous investigationsl_3 on the interdiffrsion
and rcliability of Au-refractcry films used in devices
have neglected "substrate” ceffects, It is recognized
that the substrate can be a very active member of dif-
fusion couples which may in many cases accclerate degra-
dation observed in the gold conductor and relractory
barrier.

In assessing the high temperatire reliability of
Au-Ti(W) films for high temperature applications, we
compare the role that 3 different intervening layers con
silicon substrates play in the stability of thesc metal-
lizations. Tresc layers are PtSi, SiO2 and Sijﬂa. Each

of the layers have, on occasion, been incorporated in

MPTS. The 813N“ is used for passivation and the PtSi

layer is used as the ohmic contact.

Table I summarizes the deposition conditions, giv-
ing film thickness, sputter target, substrate tempera-
ture and film characteristics.

TABLE 1

Deposition Conditions for Small Grain Size
TiW Diffusion Barriers

Film Thickness 1200% - 1800%

RF Sputtered Tig 4 Wo,7 Target

Substrate Temperaturc 120%
Resistivity of TiW 77 u Q-cm
Grain Size 250 - 7508

The differences in the Ti(W) reaction with Si, sio2

and PtSi src shown in Figur 1. At 375°C there is no
cnhancement of the di’fusion between Si and Ti(W).
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Figure 1. Diffusion profilesof the TiW diffusion

barrier, (A) Silicon substrate, (B) 810 /8i
substrate, (C) PtSi/Si

is as expacted from the diffusivities of these systems

which is of the order of 10-20 cm/sec. Likewise, the
interdiffusion effects are minimal between siO2 and

Ti(W) at this temperature. However, when the layer is
PtSi, it acts as a source and sink for Silicon atoms
resvlting in the outdiffusion of 8i into the refractory
film. The amount of Si detected in the Ti(W) film is
not sacisfactorily explained from a solid solubility

i3



argument. These results agree with our previous work
with Ta on Si and PtSi and with Sinha's work with Hsi2

formation on PtSi-Si substrates. The excess silicon in
the TiW will result in a refractory silicile formation
at higher temperatures. Our conclusion, to date, is
that the éu—riw system vith small grain TiW is stable
up to 375 C.

The Oxide/Nitride Assisted Diffusion Barriers

The deposition of TiW in the presence of oxygen
overpressure or nitrogen has been determined to improve
the overall thermal stability of the TiW diffusion bar-

rier. An overpressure of 10.3 Torr of oxygen or nitro-
gen was used in each casc resulting in Titanium nitride

passivation of the TiW grain boundaties.a’s Since the
primary diffusion mechanism at temperatures below 500°C
is grain boundary diffusion, the formation of TiN at

cthe TiW grain boundaries inhibits significant grain
boundaries up to 450°C. The Au-TiW(TiN)-PtSi system
was found to be stable up to 450°C as shown in Table 11,
wvhere the at. X Si and Au detected in the bulk of the
TiW by energy dispersive x~ray analysis i summarized.

TABLE 1I
Evaluation of the TiH(TiNl,Diffusion Barrier
up to 450 °C
Anneal Temperature at. X Si at. 2 Au
(100 hrs) Detected in TiW(TiN)
300°C ND ND
340 C 1.1 1.0
3507C 1.8 2.0
QOOOC 2.5 3.0
450°C 4.2 6.5

However, at 45000, the significant observation is that
Silicon was not observed in the Au overlayer this show-
ing the overall stability of TiW(TiN) as a diffusion
barrier.,

IzL Test Elements With Au-TiW Metallizations

As part of the Navy's High Temperature Electronics

a custom IZL metallization test mask set nus been pro-
cessed using the Au-TiW-PtSi system. The test mask
includes a number of differcnt test clements which arc
aimed at determining design constraints on ohmic con-
tacts, metal width and spacing. Also included are sym-

metrical cell 12L logic gates and ring oscillators. The
initial test results look promising in that 2 of 6 (8%)
of the oscillators failed within 275 hours. A total of
six ogscillators have now reached 580 hours with no
failures. These tests are continuing and additional
refinements to the metallization will be incorpcrated

in the IZL devices to be processed in the future,
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Abstract - 1In this paper we present the initial
results of work on a new class of semiconductor metal-
izations which appear to hold great promise as primary
metallizations and diffusion barriers for high-tempera
ature device applications. These metallizations consist
of sputter-demosited films of hiv;h-'l'g amorphous~-metal
alloys which (primarily because of the absence of grain
boundavivs) exhibit exceptionally good corrosion-resis-
tance and low diffusion coeflicients. Amorphous films
of the alloys Ni-Nb, Ni-Mo, W-¢i, and Mo-Si have heen
deposited on Si, GaAs, GaP, and various insulating sub-
strates. The films adliere extremely well to the sub-
sirates and remain amorphous during thermal cycling to
at leas* 500°C. Rutherford Backscattering (RBS! and
Auger Electrot Spectroscopy (AES) measurements indicate
atomic diffussivities in the 10-19 mm2/S range at 450°C.

INTRODUCTION

One of the most difficult problems associated with
the design of semiconductor devices interded for high-
temperature operation is that of finding a suitable
metallization system for providing contacts to the semi-
conductor. Typical difficulties which limit the life-
time of semiconductor devices at high temperature in-
clide: (1) altered electrical behavior caused by inter-
diffu_ion of metal and seniconductor; (2) dimensional
changes or embrittlement caused by compound formation,
or grain-growth; and (3) catastrophic metallization
failure due to electromigration. These must be consiu-
ered as intrinsic failure modes in the sense that, while
they may vary in absolute and relative importance {rom
one system to another, they must always be present to
some extent. Furthermore, all of thesec failure modes
involve diffusive transport within and/or among the
metal and semiconductor layers, and increase roughly
exponent.ially with increasing temperature. The design
of high-temperaturemetallizations, therefore, necessar-
ily involves a search for means to impede atomic diffu-
sion within the metal-semiconductor system., The most
common approach tc the problem of 1limiting diffusion
between dissimilar materials involves the use of inter-
vening metallization layers < hich are intended to act
as diffusion barriers. A well-known example is provided
by the Ti-Pt-Au metallization which is used in the
"Beam-Lead"” technology [1,2). This metallization (on
Si) has survived brief stress-tests at over 400°C, but
degrades rapialv at all temperatures above 350°C [2].
Similar results are obtained with many other diffusion
barriers [3). The reason for the failure of convention-
al passive diffusion barriers is simple, but has only
recently become well-recognized: Diffusive transport
in polycrystalline thin-films is dominated by diffusion
along grain boundaries and dislocations at all realist-
ic operating temperatures {4). The barrier layer can-
not be fully effective if it is, itself, a thin, poly-
crystalline film. Nicolet has recently aiven a compre-
hensive review of thin-film diffusion basriers [3]), in
which the importance of grain-boundary diffusion is
highlighted. 1In addition to reviewing the shortcomings
of traditlonal diffusion barriers, Nicolet discusses
more sophisticated concepts including "stuffed barriers”
(in which the grain boundary paths are blocked by suit-
able impurities) and "thermodynamically stable" barriers
(which utilize stoichiometric compound barriers such as
transition ratal nitrides or borides). 1In the present
paper, we present an alternative approach to the design
of high-temperature metallizations. We propose the use

- posed applications,
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of sputtered amorphous metal films, either as primary
metallizations, or as thin diffusion-barrier layers be-
tween conventional polycrystalline films.

Amorphous metallizations are easily produced by
sputtering fromvarious transition-metal and transition-
metal/metalloid alloys. As noted above, most Gf the in-
herent reliability problems of conventional metalliza-
tions are associated with polycrystallinity and atomic
motion. In amorphous metals, there are no grain bound-
aries or dislocations, and diffusive transport is thus
determined by bulk diffusion coefficients [5,6]. As a
consequence, diffusive transport in amorphous metal
films can be orders of magnitude slower than in poly-
crystalline films of comparable composition. It is
primarily for this recason that we believe amorphous
metal films constitute an interesting new class of ma-
terials for sem’conductor metallization applications.

EXPERIMENTAL
Materials Selection
If amorphous filns are to be useful in the pro-

it is necessary that they remain
amorphous at the desired operating temperatures. Typ-
ically, the time constant for crystallization is of the
order of < 1 hour at the glass transition temperature,
Tq, and extrapolates to several years at T < 0.85 T,
[g,G] . We have therefore forused on alloys having known
or predicted Tg values of > 500°C. Donald and Davies
[7] have discussed various factors which promote glass-
forming ability and high T, values, and have published
several useful tables of gnown glass-forming composi-
tions. After consideration of the factors discussed by
these authors, we selected the Ni-Nb, Ni-Mo, Mo-Si, and
W-Si systems for investigation. A full discussion of
our selection criteria has been given elsewhere [8].
The subsirate requirements for successful vapor
deposition of amorphous metals are easily satisfied by

almost any crystalline or amorphous solid. The main
requirement is that the substiate surface remain at a
temperature well below Tg during deposition. This, in

turn, requires that the substrate have a thermal con-
ductivity adequate for rapid transfer of the heat-of-
condensation to a heat sink. The fact that amorphous
metals have been deposited successfully on such notably
poor thermal conductors as pyrex (0 ~ 0.01 watts/cm°K)
leaves little doubt that all common semiconductors (o 2
0.1 watts/cm®K) will provide adejuate heat-sinking and
be useable as substrates. Most of the work reported
here was done using single-crystal Si substrates, al-
though fully amorphous films have also been obtained on
GaAs, GaP, A2203, glass, mica, Cu, and AL substrates.

Film Preparation

Amorphous me*al films were deposited by RF sput-
tering using a Varian 980 diffusion-pumped sputtering
system. This system uses a split circular cathode, 9"
in diameter, with a 3 1/2" cathode-to-substrate spac-
ing. in order to sputter alloys of uniform composition,
174" thick base cathodes of either Ni or Si were par-
tially covered by 10 mil foil masks of Nb, Mo, or W,
having uniform distributions of holes to expose an ap-
propriate fraction of the base cathode. In initial
work, the exposed areas of base-cathode and foil were
approximately equal. For each of the four alloy-sys-
tems studied, the area ratios were subsequently ad-



justed to achieve the desired film composition using
feodback from annealing studies and elactron-beam mi-
croprube measurements. -4

Sputtering was done using 22 x 10 Torr Ar pres-
sure at a total RF power of <lkW. Under these condi-
tions the deposition rate was ‘typically = 300°A/min.
In order to providc a deposit which was sufficiently
thick for X-Ray diffraction and electron microprobe
measurements, a standard sputtering time of 30.0 min.
was used. Thus, most of cur films were approximately
1 um thick. Compositional uniformity was found to be
typically 20.5 Att over 2 1/4" % 3/4" sample area.

Routinc Characterization

The as-deposited films were routinely character-
ized as to adhesion, film-thickness (stylus measure-
ments), o~omposition {(electron beam microprone measure-
ments), structural order (X-Ray diffraction measure-
ments)and electrical resistivity (4-point probe measure-
ments) . For semiconductor metal! czation applications,
the adhesion and resistivity results are of particular
interest: We tind that the films adhere extremely well
to the semiconductor substrates and are very resistant
to scratching. No flaking or wrinkling was observed
on ary of these films in the as-deposited state, nor
after thermal cycling between -200 and +500°C. SEM ex-
amination shows the surfaces to be smooth and feature-
less. Typical room-temperature resistivity values ob-
tained for th: as-deposited films are as follows:

Alloy Composition o (uScm) RS(Q/El
Ni-Nb 55-60 AtaNi 200-230 2.0-2.3
Ni~Mo 55 Ats Ni 110-13C 1.1-1.3
Mo-Si 60 Ats Mo 160-200 1.6-2.0
W-Si 90 Aty W 140-150 1.4-1.5
The sheet resjstance values given in Col. 4 are scaled

to a film thickness of 1lu. As expec’ed, the resistivi-
ties of the amorphous filinis are somewhat higher than
the resistivities of corresponding polycrystalline films
(typically afactor of ~5 higher), but sheet resistances
of the order of 1 /U are perfectly acceptable for many
device applications. For those applications in  which
these resistivities are excessive, it may be possible
to overcoat the amorphous metal with a laver of Au or
Cu to nrovide a lower-rcsistance metallization.

Annealing and Crystallization

As the crystallization of amorrhous metals is «<on-
trolled by kinetic factors, any experimental vaiue of
the crystallization temperature. T., depends on the
time-scale of the experiment. Fortunately, the clarac-
teristic time for crystallization is an extremely strong
function of temperature, so that reasonable est.nates
of the maximum "operati:, temperatures” of amorphous
metallizations can be okbtained using relatively brief
anneals. The results reported here were obtained by
annealing the samples for one hour in evacuated guartz
ampoules which also contained a small slug of Ti for
gettering.

In order to determine the one-nour crystallizetion
temperature of a given allcy composition, the following
sequence was followed: The first anneal was performed
at 400°C, after which the sample was removed from its
ampoule for examination by X-Ray Diffraction (XRD). If
there was evidence of cry-tallinity, the sputter-mask
was altered to achieve a different alloy composition.
{Crystallization temperatures below 400°C are of no in-
terest at the present time). If there was no evidence
of crystallization, the same sample was resealed in an
ampoule and annealed at 500°C for 1 hour. This proce-
dure was reps--~4 3t 100° increments until crystalliza-
tion wa- Ader~sted. A new sample from the same batch
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was then annealed -at the penultimate temperature, meas-
ured for crystallinity, and reannealed at successively
higher temperatures using 50°C increments. Finally, a
third sample was used to find T, to within 25°C.

Figure 1 shows a sequence of typical XRD scans for
initially amorphous Ni-Mo films (~65% Ni). It is some-
what difficult to judge whether or not small
on the amorrhous peak correspond to the earls stages of
crystal'ization. Massive crystallization, however, is
unmistakably evidenced by the appearance of numerous
sharp diffracrticu peaks. These comments are illustrat-
ed in rig. 1 by the 600°C and 650°C traces: After an-
nealing at 600°C, smail bumps are seen at 28 = 39° and
45°. These features aro reproducible, and apparently
indicate a small volume~fraction of crystallites in an
amorphous matrix. After the 650°C anneal, the 39° peak
is quite strong, but the 45° peak is either missing or

N
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500C, 1h
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Figqure 1. X-Ray Diffractometer scans of an initially
amorphous film of I i-Mo after lh anneals at

successively higher temperatures.

split into several peaks. It appears likely that the
path of crystallization in the Ni-Mo system is complex,
involving intermediate nhases. Similar effects are
seen in the other alloys as well. TEM investigations
are planned for exploration of the «crystallization
mechanisms,

The recults of the annealing studies
as follows:

to date are

Alloy Composition T0(°C) r1(°C\
1) Ni-Nb 55 At% Ni 500 550
2) Ni-Nb 57 Ats Ni 575 600
3) Ni-Mo 55 Ats Ni 525 550
4) Ni-Mo 65 At% Ni S50 600
5) Mo-Si 60 Aty Mo 550 600
6) W-Si 90 Aty W (Partiallv crystalline

as depcsitecl)

features’

The temperature Ty is the highest l-hour annealing
temperature at which no evidence of crystallinity has
been observed. T; is the lowest l-hour annealing tem-
perature at which some evidence of crystallinity has
been observed. The W-Si alloys deposited to date nave
contained a small volume-fraction of microcrystalline
phase in a predominantly amorphous matrix. Further re-
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finement of the composition is required. Nevertheless
as will be shown in the next section, the largely am-
orphous W-Si films still function as effective dirfu-
sion barriers.

Diffusion

The diffusion of Au in amorphous metal films is of
great practical interest because Au is widely used in
multilayer metallizations and bonding wires for semi-
conductor devices. Au is also a prime candidate for use
as an overlayer to reduce metallization resistances.

Au was jon-inj-lanted into an amorphous Ni-Nb film
which was subsequently anncaled and measured by Ruther-
ford Backscattering (RBS) to monitor any Au diffusion
[9]. The amorphous film was deposited cn a single-
crystal Si substrate to a thickness of lu, and was com-
posed of 56.5 At3 Ni, 43.5 Ats Nb. The implanted Au
profile was Gaus.ian, with a peak concentraticn of 3.3
x 1020 cm~3 oceurring ~400& below the surface, and a
“full width at 2alf maximm” of 300A. Since a fGaussian
prcfile remains Gaussian during diffusion, it is
straightforward to deduce diffusion coefficients from
the half-widths of fitted Gaussian curves. Figure 2
shows a comparison of the Au profiles after 0.5 hours
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Figure 2. Comparison of the ion~-implanted Au profiles

after anneals of 30 minutes and 35 hours at
450°C, illustrating the extremely low rate
of diffusion of Au in amorphous Ni--Nb at this
temperature. The profile change can onlybe
discerned by fitting Gaussian curves to the
data.

and 35 hours of annealing at 450°G. Analysis of these
and similar profilesobtained for longer ar.ealing times
gives a diffussivity of D ¥ 8 lO'lganz/sec for Au  in
this alloy at 450°C, Note that: (1) D € 1018 emZ/s im-
plies that an Au atom would require roughly 300 vyears
to diffuse a distan-e of 1p; and (2) the annealing tem-
perature of 450°C is very near the estimated glass-
transition temperature for this film: The one~hour
crystallization tempercture for films of this composi-
tion is in the neighborhood of T, = 550°C, and T, must
be € Tq-. Thus, our anneal temperature of 458’C is
2.88 Tg. Rutherford Backscattering studies of inter-
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diffusion between amorphous metal films and overlayers
of Cu or Au, and between amorphous metal films and
semiconducting substrates are currently underway, and
no quantitative results can be reported at this time.
In addition to the RBS measurements, we have used
Auger Electron Spectroscopy (AES), together with Ar-ion
sputtering to study interdiffusion. Figure 3 shows a
series of AES profiles for an amorphnus Ni-Nb film on
which a ~7S0A Cu layer was deposited. After 10 houre
of annealing at 500°C, there was a slight broadening of
the Cu/Ni-Nb interface, but no large-scale interdiffu-
sion. After one hour at 600°C, however, the Cu,Ni, and
Nb have thoroughly interdiffuied, and the "interface"
has moved very deeply (2 2000A) into the Ni-Nb film.
Other Ni-Nb films of the same composition were found to
crystallize in one hour at 575°C. It is therefore clear
that crystallization is responsible for the sudden,
massive motion of Cu into the Ni-Nb (probably along
grain boundaries). Similar results have been obtained
with Au overlayers and with nther amorphous alloys. It
is interesting to note that we found essentially mo in-
terdiffusion between Au and amorphous W-Si despite the
fact that the W-Si contained a detectable (Luat small)
volume~fraction of microcrystalline phase. Thus, we
believe that partiallycryscajline films can still func-
ticn as effective diffusion barriers as 1long as the
crystallites are well-separated by an amorphnous matrix.
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Figure 3. AES depth-profiles of Cu, Ni, and Nb. The
top trace shows the as-deposited structure:
A Cu layer on amorphous Ni~-Nb. The middle
trace shows that there was very little in-
terdiffusion after 10 hours of annealing at
500°cC. The bottom trace shows considerable
interdiffusion after only 1 hour at 600°C.
The rapid interdiffusion at 600°C is a con-
sequence of crystallizatior.

CONCLUSIONS

Amorphcus metal films of appropriate compositions
can be deposited on semiconducting and insulating sub-
strates, and remain amorphous after one-hour anneals at
temperatures in excess of 500°C. It is very important
to note that the annealing temperatures used in this

~



study were specifically chosen to find the temperature
ranges in which the alloys under investigation would
crystallize on a time-scale of one hour (T 2> 0.9Tg). At
slightly lower temperatures, crystallization will noc
be observable on any reasonable laboratory time-scale.
Our results also show that, as long as the films remain

amorphuus, they exhibit exceptionally low diffusivities.
Indeed, the W-Si results show that films contairing a
small volume-fraction of microcrystallinity can still
function as effective diffusion barriers. This obser-
vation is nonsistent with our basic working hypothesis
that the Jdvantages of amorphous metallizations stem
from the absence of grain boundaries: As long as the
volume-fraction of microcrystallinity is small, the
crystallites will be separated by an amorphous matrix,
preventing an interconnected network of grain boundar-
ies. At some critical volume-fraction (which can be
estimated from percolation-theory to be abou' 0.3 [10]),
the crystallites will merge, and an essentially roly-
crystalline film will result. B-sed on the work report-
ed here, we conciude that films of high-'rq amorphous
metal alloys are indeed viable candidates for use as
high~temperature metallizations for semiconductor de-
vices. We anticipate that this new class of semicon-
ductor metallizations will finé important applications
as primary metallizations, interlayer diffusjon bar-
riers, and corrosion-regsistant overlayers.
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Summary

Ohmic contacts to n-type GaAs have been developed
for high-temperature desice applications up to 300°C.
Refractory metallizations were used with epitaxial Ge
layers to form tle contacts: TiW/Ge/GaAs, Ta/Ge/GaAs,
Mo/Ge/GaAs, and Ni/%e/GaAs. Contacts with high dose
Si or Se iou implantation (1012 to 10'*/cm?) of the
Ge/GaAs interface were also investigated. The purpose
of this werk was to develop refractory ohgéc contacts
with low specific contact resistance {~10 ° Q-cm? on
1x10'7/cn® GaAs) which age free of imperfections,
resulting in a uniform N doping layer.

The contacts were fabricaed on epita*ial GaAs
lavers (n=2x101% to 2x1017/cm3, grown on N (2x10'8/cm3)
or semi-insulating GaAs substrates. Ohmic contact was
formed by both thermal annealing (at temperatures up
to 700°C) and laser annea)ing (pulsed Ruby). Examina~
tion of the Ge/GaAs interface revealed Ge migration
into GaAs to form an N doping layer.

Und2r optimum laser auneal conditions, the spe-
cific contact resistance was in the range 1-5x10  Q-cm®
(on 2x10%7/cm3 GaAs). This is an order of magnituile
imnprovement over thermally annealed Ag/Si! or Ni/Ge?
contacts., Thermally annealed TiW/Ge bad a contac*
resistivity of 1Ix:0 Ocm? on 1x1017/cm3 GaAs uader
optimum anneal conditions. The contacts also showed
improved thermal siability over conveational Ni/AuGe
contacts at temperatures above 300°C. The contact
resistivity ot thermally annealed TiW/Ge does mnot
increase appreciably with a 350°C, 190 hr anneal, while
that of Ni/AuGe degrades appreciably between 25-35 hrs
at 350°C. Under bias conditions (6V, 15 mA) the con-
tact resistance of these contacts did not increase
appreciably at 300°C after 160 hr. Preliminary results
with the lase: annealed contacts showed no measurable
increase in esistance after 6 hr at 350°C.

Introduction

Low specific contact ;esistance ohmic contacts to
n-type GaAs using epitaxial Ge films have been reported
using molecular beam epitaxy® and vacuum epitaxy.2'%
The epitaxial Ge film allows+(in theory) the formation
ot contacts with a uniform N layer, in the highly
doped Ge film itself? or, from Ge doping of the GaAs.2'$
These contacts should be more nearly free of imperfec-
tions compared to polycrystalline Ge or AuGe eutectic
films in which rapid impuritv diffusion occurs at grain
boundaries. Both thermal abnealing and laser annealing
have been used to form ohmic contact. Laser annealing
was used to form these contactsS because when a refrac-
tory metal overlayer is desired it was found?’? that
oven anneal temperatnres in the range 500-750°C were
required. Subjecting the entire substrate to these
high temperaiires can have deleterious effects on the
active and semi~insulating GaAs layers and to other
metallizations previously deposited on the chip, e.g.,
for the purpose of fabricating integrated circuits.
1.ie problem can be obviated by selective contact
arnealing with a laser beam. Pulsed laser apnealing
may also be importaut in obtaining enhanced activation
of implanted dopants and in obtaining certain doping
profiles wheo rapid heating and cooling are importaat.

In this paper we report on TiW (88 wt. % W, 12
we. % Ti)/Ge, Ta/Ge, Mo/Ge, and Ni/Ge ohmic contacts
to n-type GaAs which have two possibie areas of appli-
cations: 1) to devices which aze designed to operate
for erxtended periods of time in 8 high temperature

ambient (above 150°C)1, and 2) to imprcve the rei‘cbil-
ity of devices which experience high <hannel or coatsct
temperatures, such as power field-effect transistorvs
(FET) and transferred-electron devices (TED).® In both
cases, local melting at imperfections in the contacts
can result in device failure. Formation of an N Isyer
8t the GaAs-contact interface by Ge doping can also
result in significant performance gain. in power FETs
and TEDs through reduction in contact resistance and
increased voltage levels.

Experimental Method and Results

Fabrication of the ohmic comtacts was similar to
that described vreviously.? A pumber of differert
types of contacts were investigated: TiW/Ge, T-./Ge,
Mo/Ge, and Ni/Ge, ooth with and without a high dose of
Ci or Se ion implanted (I2) at the Ge/GaAs interface.
Ohmic contacts werse fabricated on n-type epitaxiai GaAs
layers with carrier a concentration oi 2x1017/cm3 gro'n
on N' (100) oriented GaAs substrates doped to 2x101%3/cm®
or on GaAs epitaxial layers (n=1x10'7/cm®, 20008 thick)
grown on semi-insulating (SI) faAs substrates. To pre-
pare the GaAs surface for growih of the epitaxial Ge
layer, the cu.face was cleaned i1 organic solvents,
etched in a solution (10 m# HCZ, 10 mf HF, 40 m2 H, O,

6 drops of H,0.) to remove carbon and oxygmn, and
placed immedgagely into a high vacuum system. Oxides
were desorbed by heating,the substrate to 575°C for IS
min in a vacuum of 2x10 ° Torr. Oxide desorption was
carvied out at 575°C because it was found? by Auger
electron spectroscopy (AES) that the oxide concer .ra-
tion was at a w.nimum at this temperature without
greatly changing the GaAs stoichiometry. An epitaaial
Ge layer was then grown in the same vacuum at 425°C to
thicknesses between 200 to 20008 by electron begm evap-
oration from pure Ge source. For contacts on N sub-
strates, circular Ge contact patterns (30 to 250 ym in
diameter) were formed by etching and the metal over-
layers were deposited to thickmesses between 1000 to
2000A (by electron beam evaporation iu the case of Ta,
Mo, and Ni; and by sputtering in the case of TiW).
Isolated circular contact patterns were defined using
photoresist and lifting or by performing the deposition
through a metal mask. Ohmic contiact to the N backside
was made with AuGe/Ni, alloyed at 450°C for 15 sec
prior to fabrication of the frontside contacts. Typical
contacts are shown it Fig. 1. In the case of 1.%4/Ge/I?
Si contacts to the GaAs epitaxial layer on SI sub-
strates, transmission line model (TIM) contacts were
formed by etching the mesa, 1iW, and Ge in three sep-
arate etching steps.

]
1004 200 A Epi Ge
I _ _@wriaven_ _ ) T
T [N =2 x 10" cm-3 GaAs Epl| °f2“'“ N=2x 10" cm™3GaAs (;_[lsum
N*=2x 10" cm~? GaAs N* GeAs
AuGe/Ni AuGe/Ni
IMPLANTED S|

175 keV, 5 x 10" cm-2
200 keV, 3 x 10" ¢m~2

Fig. 1. Schematic cross sections of typical refractory
metal/Ge ohmic contacts to GaAs.
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Thermzl annealing of the TiW/Ge/I2%Si contacts
(15008 Tiw/&00% Ge/12Si at 60keV, 2x10%%/cm?) was car-
ried out in forming gas at 700°C. Near optimum anneal-
ing coudlliongﬁof 25 min, the specific cuntact resist-
ance was I1x10 Qcm® as measured by the TLM method.®
Auger electron spectroscopy (AES) sputter profiles, as
deposited and after sintering in veocuum, are shown in
Fig. 2. After sintering, Ge migration into GaAs was
observed indicating an N doping layer at the GaAs
surface. This condition is necessary for a low spe-
cific contact resistance.® The Si implant may alsc
have been partially activated resulting in a further
increase in the concentration of the N doping layer.
After 25 min at 700°C, G» outdiffusion was also
observed, allowing vacant sites for Ge or Si doping
atoms
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Fig. 2. AES sputter nrofile of TiW/Ge/GaAs contact,
(a) as deposited anu (b) after ohmic contact formation
at 720°C for 15 min at 10 ~ Torr.

Laser annealing was performed with a ruby laser
which emitted a one joule, 22 ns pulse obtained by
G-rwitching the cavity with a Pockel's cell. Experi-
ments were performed hoth in single TEM, mode and in
multimode operation. The single mode was used for the
small diameter ohmic contact experiments while the
multimode was employed for large area AES analyses.
For the TEM_ _ mode case, a 0.8 mm circular aperture
was placed in the optical cavity. The output beam was
then focused to form a 260 pym diameter spot at the
sample. A 30 "o 50 pm diameter spot, which contained
only the center of the Gaussian beam, was obtained by
use of a metal mask. Ohmic contacts were obtained at
energy densities between 0 05 to 5 J/cm?, depending on
the type of contact. For the multimode case, the full
one joule output was homogenized by a method similar
to that described by Cullis, et al.? by sending it
through a 1.2 cm diameter fused quartz optical wave
guide which was bent and tapered to obtain a spot

diameter at the sample of 0.7 cm.
guide diffuser" was effective in homogenization of the
multimode structure of the beam and reducing speckle

patterns, "hot spots" were still observd at the output

Although this "light

(particularly apparent on GaAs surfaces). A detailed
analysis of the appearance of hot spots will be pub-
lished later.

Current/voltage (I/V) characteristics of & typical
Ni1/Ge contact before and after laser annealing are
shown in Fig. 3 as displayed cn a curve tracer. Before
laser annealing the contacts were reasonably well
hehaved Schottky barriers: the upper curve shows a
reverse breakdown voltage of about 5 volts on 2x10'7/cm®
Jdoped GaAs. After a pulse of 0.04 J/cm® the rectifica-
tion softens. indicating some very limited melting,
perhaps associate’ with preferentially absorbing imper-
fections on the cop surface. At 0.14 J/cm? the contact
was ohmic and the photomicrograph of this contact,
shown in Fig. 3, indicated very sha'! 5w, uniform melt-
ing had occurred. Similar results _:re found with
[iW/Ge, Mo/Ge, and Ta/Ge contacts

0.04 J/icm2, 1 pulse
VERT 500 pAldiv
HOR: 100mV/div

BEFORE LASER ANNEAL
VERT: 500pAldiv
HOR: 1 V. div

40im I
PHOTOMICROGRAPH,
0.14J/em?

Fig. 3. Curve tracer 1/V curves of Ni/Ge/GaAs contacts
before laser annealing and after laser annealing at
0.04 J/cm® (soft Schottky barrier) and 0.14 J/cm® (suf-
ficient energy density to form ohimic contact). Photo-
micrograpn of ohmic contact after 0 14 J/cm?.

0.14 Jiem2
VERT: 20 mA/div
HOR: 100mV/div

Experimental curves of the specific contact
resistance versus laser energy density are shown in
Fig. 4. Measurements were made with a method similar
to that of Cox and Strack.!” These results were
obtained using the TEM_ . mode with a 30 to 50 pm
diameter metal mask over (typically) 250 ym diameter
isclated contacts. Approximate melting points for each
of Lhe contact types are shown at the top, as deter-
mined from photomicrographs of the irradiated surfaces.
However, the melting points could not be determined
precisely from the photomicrog-aphs and very shallow
melting prebably occurred below these points. It w2
found that the contact resistivity was at a minimum
near the melting point for Ni/Ge and Ta/Ge contacts.
Similar TiW/Ge camic contacts formed on n=2x1G°%/cm®
GaAs epitaxial layggs resulted in a specific contact
resistance of 1x10 “Qem?. The kigher value of spe-
cific contact resistance evidently resulted from the
lower doping in the Gahs. Simiiarly, contact resistiv-
ity values for Ta/Ge, Mo/Ge, and Ni/Ge were appruxi-
mately an order of nagnitudc higher on 2x10'¢/cn?® as
compared to 2x10'7/cm? GaAs.
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Fig. 4. Experimeatal values of specific contact resist-
snce as 2 function pulsed ruby laser energy demsity;
mp indicates approximate melting points as determined
from surface photomicrographs.

The interfaces before and after laser annealing
were investigated using AES sputter profiling tech-
niques. Figure 5 shows AES sputter profiles of a Ni/Ge
contact before laser annealing and after laser amieal-
ing at an energy density just high enough to form ohmic
contact. A multimode 7 mm diameter beam was used to
irradiate a GaAs sample approximatcely 10 sm 2 10 sm
containing 20008 Ni and 20008 Ge prepared as discussed
above. At 0.10 J/cm?® slight melting patterns could
Jst be observed, indicating melting of the Ni and Ge
just to, and including, the GaAs surface. This energy
density corresponded to the threshold for ohmic contact
formation. Even at this lov energy aensity there w.s
Ge migration into the GasAs, enough to greatly inciease
the n-tyr doping concentration at the GaAs surface.
Similar profiles were observed with Ta/Ge laser
annealed contacts. These profiles are also typical of
Ni/Ge thermal anaealed ohmic contacts studied pre-
viously.?

SFUTTER TIME imin)

Fig. 5. AES sputter profiles of a 20008 Ni/200c8
Ge/GaAc contact before laser annealing and after laser
annealing at 0.10 J/cw®, just at threshold for ohmic
contact formation.
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Discussion of Laser Anneal Results

The curves of specific contact resistaace versus
energy density, shown in Fig. &, indicet~ there is a
"window" in encrgy density which is appropriate for
the formation of ohmic contact. This window Jepends
en the layer thicknesses of the metal and epitaxial
Ge, the pulse duration, to some extent on the surface
morphology, and also on the fundamental iuteractioas!
of the laser beam with the overlayers and GaAs. The
depth of melting and surface temperature are deter-
mined in psrt by the absorption coefficient, specific
heat, and thermal diffusivity nf the overlayers and
GaAs surface. Ohmic contact appeared to occur just at
the threshold of melting, but the melting must be deep
enough to melt at least the t p 50 to 1008 of the GaAs
surface to account for the AES profiles irm Fag. 5.
Solid-state diffusion processes are too slow to account
for these profiles. Since the heating and cooling
rates are nearly the ssme in pulse laser annealiog
dominated by thermal processes,!! the Ge migratien intc
the GaAs surface must occur in the 50-100 ns that the
surface layers are molten. A minisum in the specific
contact resistance apparently occurs just abcve the
melting point at an optimum doping level and profile.
It is assumed that low contact resistance occurs by
clectrons tunneling between the top metal layer and
the highly doped surface layer in the GaAs.® The spe-
cific contact resistance begins to rise at higher
energy densities as the melt penetration becomes deeper
and the surface temperature reaches the boiling point.
Surface evaporation and oblation can then result in
loss of Ge and As (as well as loss of part of the metal
contact), as has baen observed with these contacts at
high energy densities by electron microprobe x-ray
znalysis. This was found to result ip an increase in
the specific contact resistance.

The advantages of laser amnealing over themaal
annealing for these particular high-temperature con-
tacts is seen in comparison with thermal annealing
results. For similar olmic contacts, the specific con-
tact resistance was more than an order of magnitude
higher when thermally nnealed? and high ambient tem-
peratures (up to 650°C for 5 min) were required. The
laser annealed contacts reported here also demons*iate
an order of magnitude improvement in contact resistiv-
ity over Ag/Si contacts! thermally annealed. Th-se
contact. also compare favorably with conventional AuGe
ohmic cgetacts, for which a sp~cific contact resistance
of 1x10 'Qcm? caan be routinely ow.ained, but which
degra¢e significantly at 350°C.

High-Temperature Aging

The TiW/Ge/I2Si ohmic contacts formed on GaAs epi-
taxial layers on SI substrates and thermally annealel
were studied by high tempeature aging in an ambient of
forming gas. Figure 6 shows the change in the specific
contact resistance after exposure to temperatures
between 350 tc S50C°C for over 175 hours. The behavior
of a typical AuGe/Ni contact, inriuded in the 350°C
experiments, is shown for compa.ison. These results
demonstrate the high-temperat: ce rcliability advantages
of refractory metal/epr _...«l Ge chmic contacts. With
these contacts it was found that the contict resistance
did not increase appreciably up to 190 hours at 350°C,
while that of AuGe cignificantly increased between
25-35 hours at 350°C.

Preliminary high-temperature aging experiments
with the laser annealed ohmic contacts (TiW/Ge/I2Si,
Ni/Ge/I%Si, Ni/Ge, Ta/Ge, and Mo/Ge) were also carried
out by aging I= vicuum at 10 ~ Torr. No meacurable
change in specific contact resistance was found after
350°C for 6 hr.

The thermally anrealed TiW/Ge obmic contacts were
also subjected to high-temperature aging undec DC bias.




Figure 7 shows the results at 300°C and 350°C after
exposure for 160 hr. At 300°C the centact resistpvity

increased initially but stabilized at about 7% “ucm?,
At 350°C the increase in contact resistivi'  sas much
larger. This was partially explained by th rge out-

Jiffusion of Ga, shown in the ALS sputter pr..iles an
Fig. 8.
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Fig. 6. Specific contact resistance of thermally
annealed TiW/Ge and AuGe/Ni ohmic contacts s a func-

tion of anneal time at various aging lemperatures in
forming gas.

6 VOLT 15 ma BIAS
Au TIW Ge Gals 10N
IMPLANTED CONTACT

E

us10 % moc
& e
-
2e0t

5«10 00
SEw -
"]
@
E1-109
o
= (OIS T [ 1y (T (S U |||
8 1] 2 40 60 - 1] 100 120 40 160

ANNEAL TIME. HOURS

Fig. 7. Specific contact resistance of thermally
anneale¢ TiW/Ge contacts as a function of anneal Lime
under bias conditions at 300°C and 350°C in forming
gas. Test structure used to measure contact resistiv-
ity (center mesa) and to study metal migration (long
arms).
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Fig. 8. AES sputter profile (G2 and Ga) of thermally
annealed TiW/Ge ohmic contact af-er 350°C/40 hr anneal
in forming gas under bias conditicns, showing large Ga
outdiffusion.
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FABRICATION AND HIGH TEMPERATURE CHARACTERISTICS OF

10N~ INPLANTED

GaAs RIPOLAR TRANSISTORS AND RING-0UCILLATORS*

F.H. Doerbeck, H.T. Yuan, W.V. MclLevige

Texas Instruments Incorporated
Callas, TX 7526%

A growing need. is developing for monolithic semi-
conductor circuits for high temperature environments.
Si-devices hive been reported to operate up to
300°C. 12 Because the upper operating temperature of
a bipolar device is determined by the bandgap of the
semiconductor material, GaAs (1.43eV) has a theoreti-
cal advantage over silicon (1.12eV). Based on bandgap
caonsiderations exclusively, GaAs could be expected to
be useful up to 450°C; .. fact, transistors have been
operated at this temperature.’ Based on these
assessments a special program to study the high tem-
perature aspects of GaAs bipolar transistors was ini-
tiated in 1966. The results of this program, which
were reported in 1968, showed: GaAs transistors were
limited by leakage currents, which exhibited a tem-
perature dependence with an activatior energy of
0.7ev. The current gain h¢, decreased rapidly with
increasing tempe-ature with an activation energy of
approx. 0.2eV, apparently cue to a decrease of the
minority carrier lifetime. Devices which operated
above 400°C could be made, but the fabrication yield
was extremely small. The technology available at this
time was constrained to sulfur and magnesium dif-
fusions 2t temperatures at which surface decomposition
could not sufficiently be suppressed. Doping control
was poor. The devices had mesa structures with little
surface passivation. The fabrication of a sophisti-
cated GaAs IC was beyond reach.

During the recent years the GaAs technology
progressed rapidly, motivated wainly by the excellent
performance of microwave FET's. lon implantation and
annealing techniques were doveloped to form reproduc-
ibly thin layers of controlled doping levels. This
progress made it desirazble to re-evaluate the GaAs
bipolar device performance. Potential advantages of a
GaAs bipolar technoiogy include: short minority
carrier lifetime; high electron mobility at low
electron fields; uce of saturated drift velocity for
load resistors (small area requirements); isolation by
boron implantation (requires less area than junction
isolation); higher operating temperature than silicon
devices. The bipolar technology would permit the
application of established Si bipolar circuit concepts
and models with only minor modifications. Some disad-
vantages of GaAs, namely the low hole mobility and the
comparatively low maximum donor concentration will
remain with us. The pessibility of modifying the
bandgap by using GaAlAs, e.g. for wide band gap
emitters, and of incorporating opto-electronic prin-
ciples make. this technology particularly exciting.
The main difference between the situation a decade ago
and today is that ion-implantation offers the repro-
ducible production of p-n junctions, avoiding the
daxaging high temperature 4iffusions. Originally ovr
present program was designed to study the feasibility
of a GaAs bipolar IC technology but not specifically

¥ Th{s work was partly supported by DARPA through ONR,
Contract No. N00014-80-C-0936.
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the high temperature aspects. Results obtained with a
15-stage ring-oscillator were reported recently.® It
will bg apparent that specific modifications will have
to be incorporated to extend performance ard reliabil-
ity to higher temperatures, such as the replacement
of the alloyed gold contacts. This paper will discuss
tt_le fabrication and high temperature performance of
discrete bipolar transistors and of a 15-stage ring
oscillator.

DEVICE FABRICATION

The fabrication of GaAs bipolar transistors by
ion _implantation finto bulk GaAs has been reported
previously.® The fabrication of the ring-oscillator
requires an epitaxial n/n* structure. The starting
GaAs substrates, purchased from commercial suppliers,
come from Bridgman-grown single crystals. The
AsC13-Ga-.H2 vapor phase epitaxial process is employed
to 1eposit 2 layers: first an approx. 3 micron thick
layg}r with a donor concentration of approx. 8 x
l[)‘ cm3, followed by an undoped layer, approz. 1
mi_ron thick. The VPE technology, as applied to
microwdve devices in ou~ laboratory, has previously
been described in the literature.?

Ve v Y Ve
. »
4 (]
___J
s+ GaAlAs OR Gals
ne -Gals

Fig. 1 Cross-section of a bipolar IC structure

The cross-section of a bipolar IC-structure is
sho:‘m in Fig. 1. The npn transistor operates in the
"up"-mode: the n*-epitaxial layer/subsirate acts as
emitter, the surface n-layer is the collector. Alse
shown is the load resistor. The fabricated structures
differ from Fig. 1 in one respect: they have only
c‘me alloyed collector contact on the n-type surface
ayer.

The formation of the n- and p- layers employs
fon-implantation. The details of the donor implan-
tation are drawn from extensive experieace with GaAs
FET's.® Tha base-layer is formed by a deep implant of
Be, which is known to have high activation at low
anneal temperatures.®»!0  preservation of the GaAs
surface morphology during the high temperature



annealing step is achieved by the proximity anneaiing

technique. 8, The sequence of fabrication cteps for
the bipolar structure is as follows:

1. Shallow Se implant (1 x 10!3 em=2, 150 keV
plus 2 x 1013-cm=2, 360 keV at 350°C).

2. Anneal at 850°C for 30 min.

3. Deep Be implant (6 x 10! ¢m=2
form the base layer.

, 180 keV) to

4. Anneal at 800°C, 30 minutes.

5. Localized Be implants to form the p* contact
re?ions (1 x 10°% cm~2 at 40 keV plus 1.5 x
“ cmZ at 80 keV).

6. Anneal at 700°C, 30 minutes.

7. Localized Boron implant to form the isola-
tion region (2 x 1042, 4 x 102, 6 x 10!2
cm=4 at 50, 140. 320 keV, respectively).

Si3Ng serves as implant mask and for device pas-
sivation. Contacts are alloyed Au-Ge-Ni for the n-
type material and alloyed Au-Zn for the p-type base.
Ti - Au s used for interconnections. Stripes of
GaAs, whose width is adjusted by a Boron implant,
serve as load resistor.

The doping profile of the complete structure is
presented in Fig. 2. The ion-implantea profiles are
calculated according to the LSS-theory, moaified by
experimentally observed activations. The transition
from the nt* epilayer to the surface n-layer was
established by C-V profiling.
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Fig. 3 GaAs Ring-0Oscillator

DEVICE PERFRAMANCE

A 15-staqge ring oscillator was tested in the tem-
perature range of 25°C - 390°C. Fig. 3 shows a
micrograph of the circuit after this test. The cir-
cuit was mounted in a ceramic IC-package and placed in
an oven. The package was not sealed, i.e. the GaAs
device was exposed to hot air during the test. The
bias voltage was 1.75 volt, resulting in a total input
current of 5 mA at 25°C, increasing to 7mA at 385°C.
Fig. 4-6 present the output signal at 25°, 240°C,
385°C. The gate delay time increases from 3.3ns at
25°C to 6.7ns at 385°C. The time constant of the cir-
cuit is dominated by the product of the capacity of
the forward biased emitter diode times the load
resistor. The decrease of the electron mobility in
the Gahs load resistor causes the time constant to
increase. The output signal of the ring oscillator
approx. triples with rising temperature. Two effects
contribute to this effect:1.the increased value of the
load resistor; 2. The shift of the Fermi levels
towards the center of the bandgap with increasing tem-
perature decreases the built-in voltage of the emitter
junction, thereby increasing the injection current and
decreasing the saturation voltage. The ring oscilla-
tor failed at 390°C. The examination of the failed
device shows a damaged matallization in the via holes
of the voltage supply bar, as shown in Fig. 3. This
was probably caused by a realloying of the Au
contacts, and a subsequent break in the metallization
on the via sidewalls.

A discrete bipolar transistor or this same chip
was subsequently characterized in detail. The tran-
sistor characteristics were measured both for
“down"-mode (surface layer as emitter}) and the
"up"-mode (surface as collector, corresponding to the
mode in the ring-oscillator). Furthermore the leakage
currents of the emitter diode, the collector diode and
Icen were determined between 25°C and 400°C. Fig.
7—; present some curve tracer pictures of the tran-
sistor characteristics at different temperatures. The
device exhibits current gain beyond 400°C. The useful
temperature range is limited by junction Ileakage
currents. Fig. 11 presents plots of Icgg, in both
"up" and "down" mode, and tne emitter and collector
diode leakage currents at 2 volts vs the reciprocal
temperature. Both diodes have very similar leakage
currents with a temperature dependence currespondinq
to an activation energy of approx. leV. Icgg is tem-
perature insensitive to about 200°C; then Et becomes
dominated by the leakage current of the reverse biased
collector junction. The difference in Iggg in the
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Fig. 6 GaAs Ring Oscillator, 385°C

two modes is prcbably caused by the asymmetry of the
doping profile and the geometry of the transistor
structure. "he current gain as a function of tenm-
perature is presented in Fig. 12. In the "up"-mode
hZE is temperature insensitive to approx. 350°C. This
vorformance is in contrast with results obtained
previously® from diffused transistors where the
current gain of the best device began to decrease
already below 250°C.

CONCLUSION

[on-implantation techniques permit the reproduc-
ible fabricetion of bipolar GaAs IC's. A 15-stage
ring oscillator and discrete transistor was charac-
terized between 25° and 400°C. The current gain of
the transistor was found to increase slightly with
temperature. The diode leakage currents increase with
an activation ecnergy of approx. 1 eV and dominate the
transistor leakage current Ipcgg above 200°C. Present
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Fig. 8

Fig. 2

Fig. 10

Gaﬂs_bfpolar transistor
at 25°C, "down'-mode

GaAs bipolar transistor
at 25°C, "wp"-mode

GaAs bipolar transistor
at 390°C, "down"-mode

GaAs bipolar transistor
at 400°C, “up"-mode




devices fail catastrophically at ~ 400°C becavse of
the Au-metallfzation. For the development of a
reliable GaAs bipolar IC-techoirgy for the 350°C-range
the following subjects have to be addressed:
Implementation of refractory-metcl contacts; raising
of doping levels to minimize the denletion layer width
and to decrease the tem.erature sensitivity;
improvement of surface passtvation. The performa.ce
of GaAlAs structures should be studied with respect to
leakage currents and surface degradacion. It is
known, e.g. that the addition of sm:1t! Al con-
centrations to the active zone of injection lasers
reduce degradation.
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DEVELOPMENT OF INTEGRATED THERMIONIC CIRCUITS R'R HIGH-TEMPERATURE APPLICATIONS
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William Kerwin,"' Charles Derouin, Lorenzor Roybal, and Richard wooley
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Abgtract

This report describes a class of devices known 2s
integrated themionic circuits (ITC) capable of ex—
tended operation in ambient temperatures up to 500°C.
The evolution of the ITC concept is discussed. A set
of practical design and performance equations is dem—
nngtrated. Recent experimental results are discussed
in which both devices and simple circuits have suc-
cessfully operated in 500°C enviromments for extended
periods of time.

Agproach

The approach taken for ITC active devices has
been to use the intrinsically high-temperature phe-
namenon of themionic emission in conjunction with
thin-film integrated-circuit technology to produce
micraminiature, planmar, vacuur triodes, The re-
sulting technology uses photolithographically delin-
eated thin films of refractery metals and cathode
material on heated, insulating substrates. Typical
geametries and dimensions are shown in Fig. 1. Mary
such devices are simultaneously fabricated on a single
substrate, giving high packing density. The inte-
grated grid-cathode structures are intrinsically rug-

Ihe ITC Structure

Notice in this structure, the anode is in the
natural path of the electrons, and the clorely incer—
digitated grids and cathodes are used to maximize grid
control. In a sense, this structure is like a star-
dard triode with the grid moved down into the plane uf
the cathode. In fack, it has been shown through com-
puter simulation and experimentally verified that the
fundamental equatiaon governing conventional triode
performance may be used to describe the perfommance of
an ITC device.

V %
= 2
= ol ) w
where Ip is the place current,

Vg is the grid voltage,

vp is the plate voltage,
# is the amplificatjon factor, and
K is a constant called the perveance,

Furthemmore, fram electrostatic analysis it has been
shown that for a device with grid width, cathode
width, and grié-to-cathode spacing equal to a and
cathode-to-anode spacing equal to 4,

d_1
H=20.5611 2 (2)
Thus, u, the electrostatic amplification factor, is

linearly related to the ratio d/a, with no other geo-
metrical factors. This result is remarkably similar
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Fig, 1. Basic ITC qain device.
to that obtained for a comventional triode. There—

fore, Zepending on the circuit application, the de-
Firec amplification factor can simply be selected by
dete.mining d/a.

A similar analysis for the device shown in Fig.
2, where a is the width of the cathode, b the Aistance
between the grid end cathode, c the width of the grid,
zd d tir distance between plate and cathode, results

,,=_(_.b_+_c__)
a+2b+c
0 (3)
_92 2= nx{a +2b) _ —nra_
bn=l n a+2+c °°sa+2b+c)'

which can easily be summed on a calculator,
Pevice Processing

T date, device processing has been the mosc em-
phasized portion of the ITC develcgment program.
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Sapphire was chosen as the substrate material for
ITC devices because of its high quality surface finish
and high electrical resistivity at high temperatures
(=8 x 10" {!-cm at 800°C).

Figure ;i is a side view of the ITC metalizations
on the circuit or device side of the substrate.

Notice that all the metals are refractory because
of the need to withstand high-temperature environ-
ments. (This is in contrast to the gold and aluminum
used in conventional silicon integrated circuits.)

The bond pad is platinum, and the platinum bond wires
are attached by parallel-gap or ultrasonic wire bond-
ing. 'The _ase metal under the cathode is tungsten,

The cathode coating technigue was developed "W
Geppert, Core, and Mueller at Stanford Research
Institute in 1969. This _echrique uses photoresist
mixed with oxide cathode coating, which is then delin-
eated photolithographically.

In practice, the cathode coating 1s spun onto the
wafer and delircated like photoresist. The circuit is
then packaged and placed on a vacuum pump. The pack-
ag® is evacuated and tne cathode coating activated by
app.ving power to the heater until the substrate ap-
proaches 900°C.

During normal operation, the heaters are used to
heat the substrate to 750-800°C in order to provide
acceptable electron enission fram the cathode
(>100 mA/am*) .

Figure 4 is 2 pictute of the first Los Alamos ITC
device, manufactured in 1977. The lines and spaces
are 5 mils. The heater pattern is visible on the back
or the sapphire. The darker fingers are the cathodes.

Figure 5 is an array of three devices from 1979.
The cathode and grid lires are 1 mil, and spaces be-
tween grids and cathode are 0,2 mil.

Because the oxide cathode is granular in nature
(with crystals on the order of 1 um), the 0.z spacing
appears to represent an optimal limit to device size,

This technology yields a minimun device size of
approximately 10 by 3.5 mils, which i enough to hold
over 12,000 devices on a pair of 3/4-in.—diam sapphire
substrates. As will be describted later, Factors other
than minimum device size currently limit tre useful
density of devices on a substrate.

il .
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The high-temperature operation tests conducted tc
date fall into two categories by time frame and pack-
age material. The run September 1979 through February
1980 used the stainless steel (302) or Kovar envelope
materials, High-temperature vacuum feedthroughs using
stainless steel, aluminum, and high-temperature brazes
were designed for these packages by Ceramaseal Corpo-
ration, New Lebanon, New York., Initially, these pack-
ages had problems with the evolution of manganese,
iron, and chramium, (in the form of diatamic oxides,
for example Mn,0,), plus the liberation of gases at
higher temperatures. As 2 result, these tests, de-
scribed in the upper portion of Table I, should only
be considered preliwminary. Even so, the 400°C test
device operated successfully for over 7000 hours. A
number of simple circuits were also run in high-tem-
perature environmente using these initial packages.

CATHODE COATING APPLIED AND DEFINED PHOTOGRAPHICALLY

L]
OO T
W NN 1Mo
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1 ; __t'-'"'_"‘ f’:—- Ti
{ GRID COATED GRID INTERCONNECT BOND W
CATHODE PAD
Fig, 3. TTC metalization and photolithography.

Fig. 4.

First Los Alamos ITC device (1977).
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Fig. 5. Three triodes (1979).




TAELE 1

HIG! TEMPERATURE LIFE TEST SUMMARY - lst SERIES

Start Bulb ‘
Temp,  Date  Howrs @ Tvpe __Material ~ Qomments
400°C -26-719 7730 Triode Kovar Mo appreciable degradation through 6000 hours;
emission loss thereafter stopped at 80% loss,
500°C 9-27-79 1608 Amplifier Kovar stopped - gain of 1; individual tests indicated
(2—device) emission loss.
°C 9-17-719 25% Triode Kovar No emission degradation through 2000 hours; increasing
e gas load, emission loss thereafter stopped at 50%.
500°C  10-18-79 430 Triode Kovar Stopped - loss of emission.
500°C 10-4-79 4464 Triode 8.S. No degradation through 4000 hours; emission loss
thereafter stopped at 50% loss.
600°C 9-20-79 328 Triode Yovar Stopped - loss of emissian.
500°C 11-2-79 1070 Differential amp Kovar Stopped - decreasing qain; electrical leakage
(6—device) on substrate.
500°C  11-7-79 6144 Tricoe in Ti jig  Kovar Gradual declire in emission with increasing
gas lcads after 2000 hours; stopped at 50% loss.
500°C 1-31-80 588 5-Miz oscillator Kovar Oscillation stopped; electriczl leakage on substrate.
500°C 2-19-80 816 5-Miz oscillator Kovar Oscillation stopped; electrical leakage an substrate

The above tests have all been termirated. Following tests are ongoing using high—purity nickel bulbs and "clean”
welding techniques.

HIGH TEMPERATURE LIFE TEST SUMMARY - 2nd SERIES - IMPROVED BULB

Start 10-8-80 Bulb
Temp, Date  Howrs Type Material  Comments
500°C 5-9-80 3648 Triode Mi No degradation in emission; no leakage.
550°C 7-8-80 2208 Triode Ni Valved off pump to facilitate gas burst tests;

developed loops, Burst test at 1400 hours indicated
argon present; evidence of gas cleared and did not

In all cases, railure was due to electrical leakage on
the substrate because the metals were being liberated

from the package. The 5-MHz Hartley oscillator oper-

ated with both the capacitor and inductur at 500°C.

With the understandings evolved fram the stain-
less steel and Kovar tests, a newer package was de-
signed using nickel. The first test began May 19,
1980, and is still running after 6312 hours. Figures
6 and 7 show the device characteristics on May 19 and
October 9. The device characteristics are virtually
unchanged.

The second test, also ongoing, uses a device
operating at 550°C; the device is valved off the pump
to allow periodic gas-burst tests. This device is
still being evaluated after 2200 hours. The results
are tentative because no signs of gas have been seen
in the characteristics after the 1400-hour gas burst.

Gincluaiong Segarding fial :

Based on the tests performed to date, ITC tech- .
nology has demonstrated the ability to operate Fig. 6. Improved package (500°C) first day,
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Fig. 7.

Device (500°C) after 3600 nours.

successfully and reliably for thousands of hours at
temperatures up to 500°C. Thic temperature is r3t the
fundamental limit for ITC devices, and with the evolu-
tion of better gettering techniques (more complex than
titanium) and packaging techniques (perhaps glass-
ceramic - reference paper to be given at this confer-
ence by Dr. Cliff Ballard, Sandia Laboraiories),
higher temperature operations are expected in the
future.

s <

The design of ITC circuits is ia many ways simi-
lar to the design of conventional integrated circuits.
Therefore, ITC design techniques use the advantages
gained from the simultaneous fabrication of many de-
vices on the same substrate. The inherent matching of
device characteristics and the tracking of these char-
acteristics over Lemperature and life are exploited.
Functional circuit elements such as differentional
stiges, current sources, and circuits that use active
devices as loads have been fabricated using discrete
ITC devices, and their performance has been verified
against theory. The simple active load, shown in
Fig. 8, is particularly valuable because its gain
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Fig. 8. Gain stage with active load.

\=dy £) is orly dependent on device geametry, the ratio
of line width to cathode-anode spacing., Therefore,
the gain of the stage is independent of the trans-
conductances of the two devices and, heace, of the
operating temperatures.

As a result of the surcess of designing func-
tional ITC circuits using discrete devices, the design
of integratad ITC circuits has become the recent em—
phasis of the program. Because these efforts are on—
going, this section will mainly contain general com-
ments and Jirections for future work.

The design of integrated circuitry with complex
functions on a single pair of substrates presents new
challenges and possibilities as a r2sult of devic»
matching and, unfortunately, some problems, in p rtic-
ular, electrostatic interactions between devices.

r wmre 9 schematicallv depicts the origin of
sucht. interactions,

B
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e
[ 1 Il | 1
G Ky C\
—»~ =ELECTRIC FIELD
Fig, 9. FElectrostatic interactiouns.
The key to increacing the functional lexity

and maximum gain on a single substrate pair will be
the development of appropriate technique: for making
design tradeoffs between device layout position on
the substrate) and circuit function,

Although resulis are still tentative, Figs. 10
and 11 show the layout of one experimental pair of sub-
strates for a differential gain stage, In current ex-
periments, a series of device masks are used to photo-
iithographically generate an array of devices, which
are then interconnected using a series of masks with
line segments. Results suggest that a reasonable
J-year goai for ITC technology is the design of an
operational amplifier with a voltage gain of 1000 or
more on a pair of 0.75-in.-diam substrates,

Conclusions

Basad on the results describad above, the future
for ITC tochnology is bright., Programmatic efforts
have led to an ITC technology with demonstrated high-
temperature capability (500°C fcr thousands of hours)
and to fabrication techniques commensurate with mass
production. Physical models and detailed device un-
derstandings have been developcd, Preliminary cir-
cuits using discrete devices, single not integrated,
hzave demonstated the potential of ITCs. All that re-
mains is the final development of integrated circuit




design techniques and the demonstration of int-grated
circuity.

The results of the ITC development program sug-
gest that TTCs may become an important technology ?0[
high-temperature instrumentation and control systems

in geothermal and other high-temperature environments.
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GALLIUM PHOSPHIDE HIGH TEMPERATURE DIODES*

R. J. chaffin, Division 5133
L. R. Dawson, Division 5154
Sandia National Laboratories
Albuquerque, New Mexico 87185

SUMMARY

The purpose of this work isto develop
iigh temperature (>300 C) diodes for geothermal and
other energy applications. A comparison of reverse
leakage currents of Si, GaAs and GaP is made.
Dicdes made from GaP should be usable to >500 C. An
LPE process for preducing high quality, grown juncrion
GaP diodes is described. This process uses low vapor
pressure Mg as a dopant which allows multiple boat
growth in the came LPE run. These LPE wafers have
been cut into die and metallized to make the diodes.
Thesg diodesqpxadu:e leakage currents below 1077
A/cm= at 400 C while exhibiting good high temperature
rectification characteristins. High temperature life
test data is presented which shows exceptional stabil-
ity of the V-1 characteristics.

I THEORY

The choice of semiconductor material used to
fabricate diodes is dominated by the reverse leakage
characteristics desired. The reverse leakage current
density of an abrupt P* -N junction is given by:!r?

Dp ni eniw
JR =e ?;- ﬁ; + 210 (1)
where DP = hole diffusion coercficient

Tp = hole lifetime (in the n region)

T depletion region carrier lifetime

n, = intrinsic carrier concentration

e = electronic charge

ND = don~r concentration

W = Jdapletion layer width
The first term on the right side of Eq. (1)

represents the diffusion of minority carriers within
a diffusion length of the junction which produces a
rcverse leakage current. This component is independ-
ent of bias. The second term on the right of Eg. (1)
represents generation-recombination currert in the
depletion region and is dependent on bias through the
depletion width. Generally the recombination current
term will dominate at low temperaturesand the diffusion
current term will dominate at higher temperatures.
The crossover point is primarily dependent on the
semiconductor band gap and carrier lifetime. The
appropriate parameters for Silicon (Si), Gallium
Arsenide (Gahs) and Gallium Phosphide (GaP) were used
to evaluate Eq. (1) as a function of temperature fcr
the three materials. The results for reverse leakage
current density at -3V are shown in Figure 1. The
arrcws on the curves mark the crossover temperdiure
of tle two components of leakage current. For
temperitures to the left of the arruws generation-
recombination current dominates and diffusion current
dominates at temperatures to the right.

*This work sponsored by the U. S. Department of Energy
(D.7.E.) under Contract DE-ACN4-/6-DPO0789

TA. U. S Department or Energy facility.
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The figure shows that for temperatures in the
20-1300°¢ range GaAs and Si have similar leakage
currents. (The high depletion region generation-
recombination current in GaAs offsets its wider
bandgap.) Calculations show that GaP diode reverse
leakage should be dominated by generation-recombina-
tion current up to 650 C and is at least 5 orders of
magnitude lower than Si. Hence it can be seen that
GaP should be an excellent choice for high tomperature
semiconductor devices.

This fact is demonstrated in Figure 2. This
figure shows a V-I characteristic of a Sandia-made
Pt -N GaP diode at 400°C. The leakage of the GaP
diode is not discernable on the figure. The measured
current density at -3V and 400°C was 7 x 107% amp,/‘cm”
for the CGaP diode.
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Figure 1. Comparison of revers. leakage current

density vs. temperature tor GaAs, Si and GaP.

Figure 2-0 Ca¥ grown junction diode characterist-
ic at 400 C. (Horizontal = 5V/div, vertical = 1 ma/
div.)

II DIODE FABRICATION

To realize a device whose operation will not b.
degraded by the high density of chemical impurities
and structural defects present in typical bulk GaP
substrate material, the ali-epitaxial structure of
Figure 3 is used. The K side of the junction is




lightly doped to provide as high reverse breakdown stress-free configuration using 1.5 mil diameter gold
voltage as possible. The P side can thea be relatively wires bonded to each side of the chip. ‘his was done
highly doped to fa-ilitate ohmic contacting of the top to eliminate anv die attach streuses or material
surface. interactions due to the header attachment scheme.

These devices are shown in Figure 5. It should be

This structure 'as prepared using liquid phase emphasized that the mounting configuration shown in

epitaxy for the gro+th of both layers during a single Figure © is not proposc ! for fiplded Jevices, but
growth cycle. rather it is a scheme used to remove any contribution

of header stress or bonding agent reactions for

Be/Ay CONTACT testing device characteristics,
/ {_‘? | T — T — Y . = = - Y Mq

———
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Figure 3. Grown Junction GaP Diode.

The growth apparatus shown in Figure 4 is a e s~~~ m™
sliding boat assembly constructed from high purity T - .
graphite, The body of the assembly contains wells VP AR A =
for two yrowth solutions, one for the yrowth of the e —t e e BV AV |
N1 r a second f the growtl of the P layer. To

5] b, r (C) GRUWTH

maintain background (no intentional doping) carrier
co.centration as low as the 1 x 10!® cm™? level desired
for the N layer, the growth temperature used wes 850 'C.
At tnis relativelv low growth temperature, Si contamin-
ation of the growir solutions from the quartz walls of
the system is minimal. To ensure ithat no croass
-ontamination of the N sculution occurs from the

heavily doped P solutiun, relatively non-volatile Mg

is used as the P dopant in place of the highly volatile
Zn normally used to dope GaP P type.3 Since Mg
possesses a stable oxide, provision is made for adding
this depant after a pre- bake cycle removes residual
oxygen from the growth solutions, as in Figure 4A.

The syctem is then permitted to equilibrate at the
growth temperature (850 C) for 2 hours, as in 4B,

after which the slider is translated to bring the

GaP substrate into contact with the first growth
solution, as in 4C. Cooling then causes the solution
tu become super-saturated and epitaxial growth occurs
on the substrate. When the N- layer is sufficientl;
thick, the slider is again translated to bring the
substrate in contact with the second melt fur growth

of the P layer, after which furtlier translation of the
slider separates the zubstrate from the liquid. Figure 5. Stress-Free Diode Moun=z.

Figure 4. Liquid Phase Epit-xial Growth System.

The diode metallization system used was: III DIODE CHARACTERISTICS

P* contact - Be/Au (3000& ~ 1% Be by weight)
(7 mil dot) followed by 3000A of pure Au
(vacuum evaporated)
N contact - The contact was sputtered (full
surface) in the followigg sequence:
Au/Ge (8P/12) ~1000 A, Au ~ 250%,
Ni % 600 R, Au v 4000 A,
Contacts annealed at 450°¢C (10 minutes) in H

A typical I-V characteristic of a GaP diode was
shown in Figure 2. The breakdown voltage was measured
to be 90V at 400°C; the breakdown characteristic re-
mains fairly sharp even at this elevated temperature.
The fact that the leakage current is larger than the

leakage av the sawed edges of the dir.
2

The first lot of diodes tested were mounted in ceramic
flat pack headers (N' side down) with a high tempera-
ture, polymide silver loaded adhesive. Gold wires
(1.5 mil) were used to make contact to the top o< the
die. However, this configuraticn was found to be
unsatisfactory due to deterioration of the aihesive at
high temperatures. The scheme finally chosen was a

The zero bias capacitance of the 15 mil square
chips was measured to be 22 pF. This corresponds to
a 0.56 u zerc bias depletion width,
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value predicted (see Figure 1) means that there is some




IV _ENVIRONMENTAL TESTS

The GaP diodes were subjected to a life test
under bias. Three bias conditions were used; forward
bias (5 mA), reverse bias (-10 V) and open circuit
(zego bias). The diodes were placed in ovens at
3C0 C. The devices were not sealed and the oven
contained room air. The purameters of the diodes
were checked as a function of time in the oven.

The results of this test are summarized in
Figure 6. This figure shows that no detectable
degradation ir series resistance occurred in any of
the three bias states. The room temperature reverse
leakage did show a slight increase, increasing from
nominally 10~ amps to 10™° amps alter 991 hours at
300°. There was not a strong correlation between
bias stateoand leakage increase. The reverse leak-
age at 300 C showed a slight decrease after 991
hours. This stability in diode parameters is inter-
preted as imeaning that the diode metallizations and
junction dopants are stable at 300°C with bias for =%
least 1000 hours.

7 T T —T T T ]
RB:REVERSE ~IOV
6 | FB2FORWARD 50 mA —
0B= OPEN CIRCUIT
P CONTACT Be/Au
s .
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3
< Ga® LWOCES
4 300°C DATA -
°
a STRESS FREE
z
g3 g
b
>
2 OB, FB, RS o
t _1
° ] ! ] 1 1
0 200 400 600 800 1000 1200

TIME — HOURS (ot 300°C)

JOOOC Life Test Data on Strc:; Free GaP
Diodes.

Figure 6.

V_CONCLUSIONS

This paper has presented Gata on gallium-
phosphide, grown junction diodes for high temperature
a: plications. Information on fabrication methods
were presented. Evaluation data shows: good low
leakage rectificaticn characteristice at 400°¢c and
stable junction and metallization parameters at 300 C
for at least 1000 hours. The only problem encountered
was the "high temperature” polyimide adhesive used to
bond the diode chips to the headers. A new eutetic
chip bonding procedure is presently being developed
to solve this problem.
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A GALLIUM PHOSPHIDE HIGH-TEMPERATURE BIPOLAR JUNCTION TRANSISTOR®

T. E. 2ipperian, Division 5133
L. B. Dawsca, Division 5154

R. J. Chaffin, Division 51133
Sandia National Laboratories?

SUMMARY

Preliminary results are reported on the develop-
ment of a high-temperature (>350°b) gall}ium phosphide
bipolar junction transistor (BJT) for geo:hermal and
other energy applications. This four-layer p*tn pp*
structure was formed by liquid phase epitaxy using a
supercooling technique to insure unifor: nucleation
of the thin layers. Magnesium was us2d as the p-type
dopant to avoid excessive out~diffusion into the
lightly doped base. By appropriate choice of elec-
trodes, the device may also be driven as an n-channel
junction field-effect cransistor.

The galiium phosphide BJT is observed to have a
common-emitter current gain peaking in the range of

6-10 {for temperatures frou 20°C to 400°C) and a room-

temperature, punchthrough-limited, collector-emitter
breakdown voltage of approximately -6V. Other para-
meters of interest include an £, = 400 KHz (at 20°C)
and a collector base leakage current = -200 A (at
350%C) .

The initial design suffers from a series resist-
ance problem which limits *he transistor's usefulness
at high “emperatures. This is not a fundamental
material limit, and second generction structures are
preszently in process which will alleviate this problem
as well as improve the device's output resistance and
breakdown voltage.

INTRODUCTION

Rec 't successful opetation1 of gqailium phosphide
high-temperature diodes at temperatures and times
exceeding 300% and 1000 hours respectively, has
prompted the development of a gallium phosphide
bipolar junction transistor (BJT) for geothermal and
other energy applications. Using ccntacting and epi-
taxial growth technologies similar to the Jiodes of
Ref. 1, a prototype, four-layer p’n'pp* structure
has been successfully fabricated and evaluated at
temperatures up to 440°C. The processing sequence
and device characteristics of the GaP BJT, as well
as suggested improvements and predicted characteristics
will be discussed.

FABRICATION

The structure of the prototype GaP transistor
is shown in Fig. 1. This all-epitaxial device
incorporates a double-base stripe geometry, a mesa-
isolated emitter region, and a s w-isolated
collector region. Important structural information
is summarized in Table . below. By apdropriate
connection of electrodes, the device may also be
driven as an n-channel junction field-effect
transistor (JFET).

*This work sponsored by the U. S. Department of Energy
(D.0.E.) under Contract DE-AC04-76-DP00789.

+
A U. S. Department of Energy facility.
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TABLE I
Emitter acceptor concentration 2.x10'8cm™}
Emitter thickness 0.9 um
Emitter-Base junction ar~a 4.6x10"“cm?
Base donor concentration 2.x1016cn™3
Basc thickness 1.1 um

Epitaxial collector acceptor
concentration

Epitaxial collector thickness 4 um

Collector-Base junction area 4.x10"3cm?

Substrate acceptor concantration 1.x101%cm~3

1.5x10! 7 /cm™3

EuTren Cowtact
{UPPER GaTE?
Base Dosracr #1
(Sawxe) 7
/
/
Vg
/
/
LE2LL L2777 / * e
F loutcrr Wb 7 st Corac €
£ SuBSTRATE Oy
£ Coxrecror Lmract
(Loer Gare)
Figure 1. Stcucture of a prototype GaP high-tcmpera-~

turc bipolar junction transistor (BJT) with a mesa-
etched emitter, chip size 500x750 um. The device

may also be driven as an n~channel junction field-
effect transistor (JFET) where the base region

serves as the channel and the emitter and collecto:
regions function as upper and lower gates, respective-
lv.

The device of Fig. 1 is fabricated from a
3-layer p*nTp structure prepared by liquid phase
epitaxy (LPE; on a p* substrate. The graphite
sliding hoat assembly used to grow these layers
is shown in Fig. 2. MNon-volatile Mg is used as
the p-type dopant to avoid vapor-phase contamina-
tior of the lightly doped n-type growth solution.
A pre-bake under flowing purified H, in position
2a is used to remove residual oxygen from the
growth solutions before addition of the Mg dopant.
After addition of Mg, the system is raised to the
growth temperature (850°C) and held for ~2 hrs. to
allow saturation of the solution with phosphorus
(Fig. 2b). Growth is initiated by quickly de-
creasing the system temperature by 15 C, causing
each solution to become correspondingly super-
cooled. The slider is then translated to bring
the GaP substrate in contact with the first super-
cooled solution, as in Fig. 2¢. Due to the super-
cooling, nucleation immediately occurs on the
substrate, leading to epitaxial growth. Subseqnent
translation of the slider brings the gubstrate in
contact with the other growth solutions for the
completion of the multilayer structure.



By adjusting the amount of supcrcooling and
the duration of contact between substrate and
growth solution, layer thicknesses as small as
0.2 um can be controlled. Interface planarity,
as delinea%ed by staining in m:luzoz, is
excellent, owing to the supercoolina technique,
wvhich avoids nonuniform nucleation and island
growth.
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Figure 2. Graphite sliding boat assembly used for

liquid phase epitax’al growth of the three active
layers of the GaP BJT.

Once the resistivity and thickness of all
three active layers are defined by LPE, the
processing sequence of Fig. 3 is implemented to
uncover the Lase and contact all three regions.
The first step (Fig. 3a) involves definition
of a thermally evaporated Au~Be/Au emitter
metalization by a single-step optical lift-off
process.2 Next, 300 nm of plasma-enhanced
CVD Si-N is deposited and patterned to serve
as a masking material for the GaP etchant. The
emitter mesa is then formed (Fig. 3b) by chemical-
ly removing unwanted p* matcrial in a K Fe(CN) o
(0.5 molar): KOH (1.0 molar) solution at 17°C.
Without agitation this mixture etches p-type GaP
at 80 + 8 nm/min. The Au-Ge/Ni/Au base metal-
ization is then defined (Fig. 3c¢) by deposition
through a shadow mask. After thermal evaporation
of che Au-Be/Au collector metalization on the
back of the wafer, the contacts are annealed
at 500°C for 15 min in H,. Individual transistors
are *nen formed (Fig. Bdf by sawing the wafer
into dice with a high-speed diamond-impregnrated
saw. The transistors are then mounted in ceramic
headers using a silver loaded polyimide adhesive
and concact is made using thermocompression-
bonded, 1.0 mil Au wire. This packaging technique
is unsatisfactory for life testing, h?ugver, as
the polyimide adhersive is kngrn to fail’ after
extended use at or above 300 C.
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Processing sequence for the prototype

DEVICE EVALUATION AND D1S USSICN

The GaP transistor described above was evaluated
in both the bipolar and JFET modes. Common-emitter
output characteristics of the device at 20°C and 3SO°C
are shown in Fig. 4. The transistor is observed to
have a common-emitter current gain (at 20 °C or 350%)
peaking in the range of 6-10 and a runm temperature,
punchthrough-limited, collector-emitter breakdown
voltage of approximately ~6V. Other parameters of
intyrest for this device include an f = 400 Kiz
(20°C) agd a collector-base leakage current = - 200 uA
(T = 350°C, Vcg = =4V). A simple amplifier construct-
ed from this transistor produced power gqains of:

1648 az 20°C and 350°C; 12.5 dB at 400°C; and 2.2dB
at 440 C. Qperated as a JFET the transistor had a
double-gate pinchoff voltage = 1.8V (20°C) and a
common-source transconductance = 120 uS (20°). No
excended life tests have been performed on these

st ructures to date.

The low value of the common-source transconduct-
ance and the degradation of the common-emitter output
characteristics at high-temperature are both due to
excessive series resistance in the lightly doped
n-tvpe region of the initial desian. In the JFET
mode, tnis resistance appears in series with the
source and drain. This seriously degrades the JFET
properties as any voltage drop across the source
resistance appears as negative feedback on the gate.



X

T

Figure 4. Common-emitter output characteristics of

the GaP BIT at 20°C and 350°C. (1. = =0.3=A/div,
\-”_ = ~lv/div, '-IB = -y.05m\/step. The curves are
fnverted .or clariry).

In the bipolar mode the resistanc,

of the n-tvpe
repion apoears as a parasitic basy

resistance., The

voltage drop developed across this resistance by the
base current causes a decrease in the
area of the device.

transistors’ current gain. The ceftfoctive

enitter area in turs medulates the effective celloector
and emittoer resistances,
ities decrease at

vitfective emitter

This effect is accentuated by the
ll'U’ ‘.'."l!llt' of
As hole and electron moel T1-
high teaperature, all series
resistances increase and the comon-eaitter
characteristics
:\‘.il!l.'-

utput
appear to collapse from the saturation

Looking at this ecffect in adifferent way, Fig. 5
shows common-emitter, a. c. current gain as a function
of collector current and temperature. The current
gain below ti:: Kirk effect™ lim.t stays relatively
constant with temperature where:.s the peak in the
current gain decreases. The important point to note
from Fig. 5 is chat the poor high-temperature
properties of the device are lumited by the series
resistance of our rather crude initial geometry and
not be ary fundamental materials limit.
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Figure 5. Common-emitter current gain vs. collector

current and temperature for the GaF BJT.
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An improved structure preseca:ly in process whict
addresses some of these problems is shown in Fig. 6.
This device utilizes selective thinni-< of the base
region and a metallorganic CVD depcs.ted eritter to
determine active device areas. A thicker inactive
base region with an optimized dopina concentracioc.
should decrease base p1esistance, increase the
collector- mitter breakdown voltage and increase the
output resistance. An etched rather than sawn
termination of the collector-base junction should
reduce collector-base leakage at hich-temperatures.
fitilizing improved structures such as the one shown
in Fig. 6, a GaP devicce operating at 400°C for periods

in excess of 1000 hours is expected in the near
future.

Figure 6.

An improved GaP BJT incorporating a
selectively thinned base region, an emitter region
deposited by metaliorganic CVD, and an etch-
terminated coliector-base junction.

CONCLUSION

Preliminary results have been reported on the
development of a GaP bipolar junction transistor
tor geothermal and other higl -temperature applicaticns.
A fabrication sequence for the transistor as well
as device characteristics have been described. A
series resistance problem with the initial design
has been identified and suggestions hav: been made for
improved structures.

The authors wish to thank T. A. Plut
J. 8. Snelling, and R. Chavez for their exi-r. assist-

ance in the preparation and measurement of theon
samples.
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RELFABILITY STUDY OF REFRACTORY GATE CALLIUM ARSENIDE MESFETS*

John C.¥W. Yin and William M. Portnoy
Department of Electrical Eugineering
Texas Tech University
Lubbock, Texas 79409

Susmary

Refractory gate MESFETs have been {abricated as
an alternarive tv aliminum gate devices, which have
been found to be unrclizble as RF power amplifiers.
The reliability of the new structures has not vet
been deterained, and this work was undertaken to pro-
vide statistics 7f failure and informarfon sbout
wechanisms of failure in retiactory gate MESFETs.
Test translstrcs were stressed under conditions of
high tetpera ure ard forward gate current to enhance
failure; results of work st 150 °C and 275 °c are
repor.ed here.

Introduction

f.21.1 recently, the semiconducter industry metal
standavd for MESFET fabrication was aluminum, par-
ticularly for the gate. The reliability of aluminum

metallized MESFET< h.s beer exteasively studied.l-lo
and certain failure mechanisms have been identified,
all iavolving Lhe aluminum gat> metallization. The
wost important of these are sluminum electromigration
and gold-aluminum phase formation. The failure prob-—
lem in aluminum metallized power MESFETs has become

so acute that the aluminum gate is being abandoned,
and a refractory gate is being introduced in its
place. This gate consists of a refractory metal
Schottky contact and a conducting gold metallization,
separated by some intermediate metal to provide aetal-
lurgical stability; the most common refractory gate

is titanium-platinum-gold. The reliability of refrac—
tory gate MESFETs has been assumed to be better than
that of aluminum gate MESFFTs. However, electro-

11-12

nigration has been observed .. gold and in tita-

niun—gold 14 f:lms, and failui= modes in refractory

gate devices similar to those in aluminum gate devices
are possible. This work was undertakem t. obtsin
statistics on failure for and to deterwine failure
modes of refractory gate MESFETs.

Experimental Procedure

The MESFET used in this work is the Texas Imstru-
ments MS801 gallium arsenide tramsistor in the strip-
line package. Each packaged chip consists of two
individual cells, each cell delivering 250 mW of micro-
wvave power at 8 GRz; only one of the cells is used in
the MS801. Normally, the chip is sealed in epgxy for
protection; however, the epoxy fails near 200 C s0
that the devices tested here wure unencapsulated to
permit measurements at higher temperatures. Source
and drain ohmic contacts are formed tv evaporating a
gold-germanium-nickel layer over the entire contact
region and alloying, evaporating titanium-gold or
chrome-gold, then gold-nlating the source and drain
pad regions. The source-drain scparation is 6 1m;
four central gate :-tripes, 2 ym by .006 inch, are
cona..ted in parallel at the gate pad. The gate
stripes and pad are formed by electron bear evaporating
suzcessive layers of titanium (the Schottky contact),
platinum and geld. .

The test fixture is made from a nickel-clad high
temperature laminate; contact is made between a high
temperature PC board comnector and the device leads by

%This work was supported by the Naval Air Systems
Cosmand under Contract N0OOOl4-78-C-0738.
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way of striplines patterned in the nickel. The con-
nectors accomodate two fixtures side-ty-side; a
stainless steel tray holds fourteen connectors, so
that up to twenty-eight devices can be stressed sl-ul-
taneously. The temperature test chamber is a 315 ¢
inert gas oven configured for nitrogen flow. A three
inch diameter feedthrough port, capped with a PTFE
feedthrough, completes the test chamber arrangement.
A thermocouple messures the tempersture at the Reo-
metric center of the tray at sample height.

The devices were stressed elec ricully at two
channel temperatures, 150 °C and 275 °C. Electrical
stress consisted of biasing each device near Idss and

driving the gate into forward ccndition, in some cases,
quite heavily. The devices could not be biased at the

same values of Idss' and sisultaneously at the same

drain-source vcitages, because of their diiicrent
characteristics; in order to maintain e/ ual DC channel
p. -er dissipation, and equal channel temperatures for
all devices during stress, the device with the lowest
Idss curve ({gs = ) was biased at the intersection

of the load line and the | curve and the other

dss
devices (at the suwe chuamber temperature) were biased
at a drain current equa’ to that value of [dss' For

equal load liaes, all devices then were bjased at the
same quiescert value of vds' Although the other de-
vices were biased belov their ‘dss
gate current flowed for sufficient positive gate-
source voltage swing. The gate-source voltage swings
were set to provide equal drain-source voltage swings,
in order to obtain the same AC channel power dis-
sipation.

The output resistance of the MESFET becomes nega~-
tive at certain values of the drain current and drain-
source voltage. I¢ the load line passes thinugh a
region of device negative resistance, there is a2 con-
siderable possibility of uscillation, so that the
drain resistance must be such as to limit operation to
a safe region, that is, to a region of positive cutput
resistance. The safe value of the drain resistance is
cbtained by drawing a load line which begins at the
drain bias voltage on the vds axis and which crosses

the Idss curve at its corner, just below the point at

which the output resistance tecomez nrgative. This
value is, of cov-:e, differsnt for different devices,
and even for a ngle device at various temperatures.
ldss decreases v . increasing temperature; for a

given transistor, a drain resistor will have its high-
est safe value at the highest test temperature. If
that highest value is chosen as the drain load, the
load line will be safe at all lower temperatures.
Furthermore, if that safe value {s calculated on the

basis of the lowest Idss curve cut of the entire. set

of transistors, that vajue will assure a saie load
line for every device in the set, at any temperature
below the maximum rest temperature. (Thid assumes
that all devices exhibit roughiy the same percentage
decrease in Idss with increasing temperature; the as~

sumption was validzied by comparing the behavior of
several devices.) If the same load resistance is used
for avery test device, each MESFET can be biased to
the same quiescent point, and driven with identical
AC swings. The average drain powe. lissipated is the

values, forward



sape for each device, so that power (of hannel tem-
perature) is the same; however, if the gate of each
device is driven into forward conduction., the forward
current drawvn by each gate is differont for equai
drain current swings (for different Idss values).

The statistically significant stress is then the touv-
ward gate current.

The gate voltage was varied around its quiescent
poiut, so that forward current flcwed o.aly during part
of the AU cycle. Very low reverse gate currents

flowed when the Jrain current was bdelow Idss’ that is,

for negative gate-source swings, so that a roughly
half-wave rectified forvard gate current was obtained;
true sinusoldal behavior could not be obtained be-
cause of the non-linearity of the diode curve. The
high temperatare stress was lnterrupted at logarithaic
time intervals and the devices were cooled down to
roc temperacure for failure characterization. The
strass perfods wer« nominally 20, 50, 100, 200, 500,
ané 1000 hours.

clectrical Measurements

Five measurements were originally planned for
high temperature characterization and failure unalysis:
the characteristic curves, from which the transcon-
ductance, 8, could be obtained; tie pinch-off vol-

tage, vpo; an Ids vs. V, curve; the gate-scarce re-

£

ds

verse leakage current (drain-source short), Irgss;

the forward gate—source current-voltage characteris-

tics (drain-svurce short), Ifgss; and the zevo bias

gate-source capacitance (drain-source short), Cgss'

The capacitance measurement could not be performed
because of the very high parasitics associated with
the test sssembly. The gate leakage current measure—
ments were not wmade at elevatsd temperatures, inasmuch
as the very high reverse gate-source currents made
thes2 measurements impraccical. The time required to
mak: a complete series of measurements at high tem-
peratures for the total number of devices involved
was long enough tu be comparable to the stress pericds
between room temperature measurement; elimination of
the _everse leakage measurement, which is primarily of
value as a room temperature failure criterion, reduced
the ti.tal high temperature measurement time signifi-
cantly. In order to reduce the time even more, high
resolution pinch-off voltage measurements were not
made at elevated temperatures; that is, V could be

estimated from the high temperature characteristic
curves, but no special measurement was made. The
pinch-off voltage, like the gate-source reverse

leakage, is a useful room temperature failure cri-
terion. However, the characteristic curves, I

and I

dss’

fgss® can be related theoretically to tem-

perature; these measurements were perfoimed for every
devic? at high temperature. The forward gate-source
current measurements are particularly important,
inasmuch as they provide the n-factors and saturation
currents (and barrier heights) for the gate Schottky
diodes. Characterization of the devices was performed
initially at room temperature and each time the de-
vices were cooled back to room temperarure (nominally
at 20, 50, 100, 200, 500, and 1000 hours) after a high
temperature stress. High temperature measurements
vere made after the oven temperature had stabilized at
its high temperature value, just before the oven power
was turned off to cool the devices, and at daily in-
tervals in between.
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Results and Discussion

1 vs. V

dss ds CUTves were obtained and provided
values of 1 at Vd‘ = 2.5V and at V

= 0.5 V; the

dss ds
latter {s esrentiaily the slope of the Idss curve be-
fuore current saturation, and is related to the channel

-resistance. The pinch-off voltage was gefined as the

gate-source vultage required to reduce the drain cur~
rent, at V s = 2.5 V, to 202 of the value of 1da" at

d
dss changed during the

that voltage.
stress, two pinch-off measurements were made; one sas
based on the uriginal value of ldss before stress,

Inasmuch as I

xdsso' and the other, on the value of Idas at the time

of the pinchi-off voltage measurement. The characteris-
tic curves Jere also obtained and the values of the
transconductance, B, Were calculated at the point of

= 2.5 V. The
ds

1'355' was measured at a nega-

tive gate-source voltage of 4 V, with a drain-source
shoit. Finally, the forward gate-source diode charac-
teristics, with a drain-source short were measured.
The high temperature measurem-nts were made under the
same conditions, except that the pinch-off voltage and
the reverse gate leakage current were not measured.
The zero voltage saturation current, Is' and the

intersection of the load line and V

reverse leakage current, I

ideality factor, n, were calculated from *he measured
forward gate-source diode characteristics. The bar-
rier height at the gate-source interface was estimated
from the values of ls at room temperature and at the

stress temperature. Failed devices were examined
under a microscope, and their appearance was compared
with the appearance of similarly stress unfailed de--
vices.

Ten devices out of twenty-one failed as a result
of stress at 150 °C; seven failed catastrophically be-
cause of damage to the gate lead and pad (five) or to
the drain pad (two), and three exhibited electrically
degraded bebavior. Two of the lairter became leaky,
wvhile the third exhibited a sharp reducti.n in Idss;

no physical changes could be seen in the three under
the microscope. There was no clear change in any of
the measured electrical parameters for any device pre-
ceding failure, nor for any unfailed device to the end
of :-~ress, either at roon temperature or at 150 C; in
other words, there was no obviouvs electrical indication
of degradation or as a precur.- {cr catastrophic fail-
ure. No evidence of electromip -tion could be seen by
optical microscopy in any devict. failed or not.

These recults at 150 “C are consistent with results

obtained in other DC and RF measurements.‘s

Twenty devices were stressed at 75 °C; seventeen
failed catastrophically. Six of the catastrophic fail-
ures vere infant failures, occurring at the stress
temperature within five hours of the beginning of the
stress. The electrical failure mode here was high gate
"eakage and high channel resistance; microscopic exami-
nation revealed gate pad damage in every case, with a
burned area bridging the gate pad and source pad. Some
drain-source common damage was also observed, but this.
may have been spill-over. The other eleven devices
failed at times up to 1000 hours; six had high gate
leakage and five were open gates. The open gate de-
vices had lost their gate leads; the gate pads were
blackened and heavily damaged. Four of the six de-
vices with high gate leakage displayed the same kind
of . ate pad-source pad damage and bridging as did th-
infant faflures, It was not possible to determine
from the microscopic examinat.on whether the gate pad



failed, or if it fused as the result of failure else-
wvhere in the device.

The eleven devices failed at the stress tea-
perature alsu. All failed before the final room
temperature measurements, at 1000 hours, could be
performed. However, certain room temperature trends
could be established by 500 hours of stress. In
getieral , Iass decreased from its pre-stress value,

on the average, by 12I, although decreases as great
as 25X were observed; channel resistance increased
by around 15%; differential transconductance re-
mained about the same, although the absolute trans-
conductance decreased because of the compression of
the characteristic curves; pinch-off voltage de-
creased because of the reduction in xdss; the re-

verse leakage current became very high, in the order
of microamperes. The zero bias saturatioa current
showed considerable variation; it is difficult tu
nbtain precise values of Is fnasmuch as an extrapo~

lation to zecro voltage is required, and a small
change in the slope (the ideality factor, n) of the
forward log current vs. voltage curve will introduce
considerable inaccuracy. The ideality tactor, n,

.increased from between 1.12 and 1.28 to around 1.18

to 1.47. The barrier height at the gate-substiate
interface was estimated, and decreased, in general,
from around 0.8 eV to 0.7 eV.

The devices which did not fail catastrophically
exhibited the same trends, except that the changes
after 1000 hours of stress were greater than those
after 500 hours for the failed devices. Idss de-

creased by an average of 17; channel resistance
increased by around 7; the reverse leakage current
was in the order of tens of microanperes; the change
in n was about the same as for the failed devices;
and the esti ...ed .arrier height decreased from sone
0.8 eV to 0.6 eV.

Excluding the infant failures, all devices, in-
cluding those which di¢ not fail catastrophically,
showed significant alterations ‘n the drain stripe
metallization. ‘Therc was aiso some lifting of the
silicon nitride overcoat; this is probably an =ffect
of the high str.<< temperature, inasmuch as it also
occurred in the adiacent cell, which had no gate or
drain connection, and carried no current. There was
a build-up of metal at the gate pad end of the drain
stripes, appearing as raised hillocks, and a thinning
of the draln stripes near the drain pad. This is a
surprising result, and does not agree with other ob-

gservations on similar devices under RF conditionS;lﬁ
in which the direction of metal migration is toward
the drain pad end of the drain siripes. The latter
results, however, were obtained with essentially
linear operation, and in the stresses impoced in this
work, substantial forward gate current (between 50 mA
and 100 mA) flowed. No control measurements on only
DC biased devices were made at 275 oC. so tlac it is
not possible to assess the.effects of the forward
gate current at thig time
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ELECTRICAL SWITCHING IN CADMIUM BORACITE SINGLE CRYSTALS

Tatsuo Takshashi and Osamu Yamada
RCA Research Laboratorfer, Inc., Machida City, Tokyo, Japan

Abstract - Cadmium boracite single crystals at high
temperastures (3 300°C) were found to exhibit a
reversible electric field-induced transition between
s highly insulative and a conductive state. The
switching threshold is smsller than a few volts for
an electrode spacing of a few tenth of a millimeter

corresponding to an electric field of 102 " 1()3 V/cm.
This is much smaller than the dielectric break-dowm
field for an insulator such as boracite. The insuia-
tive state reappears after voltage removal. A pulse
technique revealed two different types of switching.
Unstable switching odcurs when the pulse voltage
slightly exceeds the switching threshold and is charac-
terizea by a pre-switching delay and also a residual
current after voltage pulse removal. A stable type of
switching occurs when the voltaye¢ becomes sufficiently
high. Possible device applications of this switching
phenomenon are discussed.

Introduction

A series of compounds having a chemical formula

H3B7013X (M = divalent metal, X = halogen) have been

known to be isostructural with
51

chlorine b‘oracite (143337013(21) .

have an orthorhombic Cgv-Pca structure at room tem-

perature and transform to a cubic Tfl-!-‘-b-:!c structure

at a higher cemperature. Extensive investigations

of physical properties of boracite ._mpounds were made
in the past and sowme boracites were found tc be ferro-
electric and gggro-agnetic simul taneously at low
“emperatures, Recently, we have successfully grown
singie crystals of Cd boracites, ca357013x; X =Cl or

Br, by a chemical vapor transport method. The
crystallographic transition temperatures were 520 +
5°C for the Cd-Ci boracite and 430 + 5°C for the Cd-Br
boracite. During measurements on these crystals, we
found that the crystals abruptly became conductive
when a dc bias voltage was applied at above 300°C,
temperatures considerably below the transition tem-
perature.- The switching was reproducible and closely

resembled that observed in chalcogenide glasses.
However, the .critical field strength required for such

switching (102 "~ 103 V/cm) was at least one or two
orders of magnitude smaller than that in the case of
amorphous semiconducturs. The resuits of d¢ and pulse
measurements of this interesting switching phenomenon
are described below. Possible device applications of
this phenomenon will also be discussed.

{h% mineral magnesium
% These compounds

Sample Preparation and Measuring Technique

The Cd boracite crystals were grown by a method
described elsewhere. The crystals (max. edge length
5 mm) were cut into slices having a simple crystallo~
graphic face such as (100), (110), and (111) in
pseudo-cubic indices. Each slice was ground and
polished with diamond paste, Electrodes of Au/Cr film
were evaporated. The Cr inner layer udheres rigidly
to borscite surface to make a good supporting film for
the Av overlayer. Gold lead wires were attached to the
electrodes with Ag-conducting paste. In the dc
measurements, the sample was connected in series with

a large protective load resistance R‘L (10 ~ 100 KQ).

A voltage across the sample (X) and a current through
the load resistance (Y) were recorded on an X-Y

recourder.
In the pulse measurements, the pulse generator (Toyo

Telesonics) was capable of delivering a square pulse of
maximym amplitude 10 V with various pulsz lengths (1
usec v 10 msec) and pulse repetition rates (single

sweep v10® pulses/sec). Both the de pulse and the
current through a 50 KQ load resistance were recorded
1 a storage oscilloscope (Tektronix type 564).

DC Measurement

When a crystal was heated to above a certain critical
temperature Tc. the crystal could be made conductive

upon the application of a dc voltage. Figure L {s a
schematic ifllusv:- f{on of current-voltage characteris-
tics for such switching. As can be scen, the switching
is symmetrical with respect to voltage polarity.

Before switching, the current is dctermined by the
sample resistance since it is much larger than RL.

Vi

Fig. 1. dc current-voltage characteristics of a
Cd-X boracite crystal (X = Cl or Br) at T > Tc.

After the threshold is exceeded, a negative resistance
region appears. In the ‘on' stat.:, the dynamic resist-
ance of the sample dV/dl takes a small positive or zero
value. Un’ike the case of threshold switching in
amorphous semiconductors, there does not exist a criti-

cal curreut, or a so-called holding current at which
the samrle abruptly switches back .o the ‘off' state.u

It seems that tne sample graduwully returns to the 'off'

state as the current is decreased. Therefore, the

sample resistance in the 'on' state cannot be clearly

defined. The threshold voltage vth is dependent upon .

témperature and decr: _s with témperacure increase.
In Fig. 2, the temperature variation of V‘:h for C4-Cl

boracite sandwich electrode sapples of “two differeat
thickness are shown. Figurs-'3 is a similav result for
a Cd-Br boracite sandwich electrode sample that shows
the presence of tomperature hysteresis on cooiing. An
apparent critical wemperature Tc' obtained by ertra-

polating vth to infinity, is cependent upon sample
thickness. The rhicker the sample, the higher T,. The
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threshold voltage vth is not a linear function of

thickness; the critical 1{eld increases with thickness.
The uth vs temp2rature curve does not show any anomaly

at the crystallographic transition temperature T __ at

tr
which the peculiar twin lamellar structure dlsappearsk
It may Le pointed out that ‘l‘c for thinner samples is

indeed very close to the inflexion remperature which
appeared in differential thermal analysis (DTA) curves
of the crystal which are believed to show the exist-
ence of a higher order phase transition. Much the
same results were obtained in the case ot coplanar

electrode samples.
|
;
]

o—

Cs-CiB (001 Cut
(Heating)

-

[
. - .

3 105 rwm Wuch
i
4
E, ”
o2
a
I \, St
L
. =SS PA— . 1t
200 200
Temparature (*C)

Fig. 2. Thres..old voltage V as a function of tem—
perature for two Cd-Cl buraci?e sandwich electrode
samples wich different electrode spacings.

Tr__ —
L Ca-BrB (00 1) Cut
S sf 038 mm thech
- ~ Heaghng
!?5f + Cooing
!ﬁ
A
3-
-
2t
o
I+ T
-—._‘N“_‘ 1
Ol - L
200 300 400 500
Tempsroture (T)

Fig. 3. Threshold voltage V_  as a function of
temperature for a Cd-Br bornﬁyte sandwich electrode

sample.

When a sample is kept in the "on' state at a certain
temperature, stabilization of the conductive state
seems to set in. That is, if the 'or state {s main-
tained for a short time, vth measured immediately

aftervards is considerably smsller than its previous
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value. After repeated switchings, the 'on' state is
temporarily stabilized: The stabilization of the 'on'
state, or 'memory switching,' is always preceded by
threshold switching in Cd boracites, just as in the

case of memory switching in chalcogenide glaasea.ll

The stabilized 'on' state in Cd boracites eventually
returns to the 'off' state after the removal of a dc
voltage. Complete recovery requires times ranging

from seconds to hours. The occurrence of stabilization
of an 'ou' state makes interpretation of dc measure-
ments somewhat ambiguous. Accordingly, pulse
measurements were carried out with results as next
discussed below.

Pulse Experiments

Threshold switching was clearly observed in the
pulse experiments. The critical temperature for
switching was comparable to that observed in the dc
experiments. However, there occurred several other
peculiar phenomena not observed in the dc experiments.

Two different types of switching were distinguished
in the pulse experiments. The first type appears near
the voltage switching threshold and is characterized
Yy a time delay before switching and by an unstable
carrent. There also exists residual current after the
puise is removed. In Fig. 4, an example of such
'unstable' switching is shown. The photograph was
taken by multiple exposures at various pulse voltages.

Fig. 4. Scope *race of unstable switching pulse
‘multiple exposure}. Cd-Br boracite sandwich elec-
trode sample with electrode spacing 0.38mm; voltage
(upper trace) of 2V/div; current (lower trace) of
40uA/div; time of 2 msec/div; single sweep trace;
and temp of 340° + 2°C.

As can be seen, the delay time shortens as the voltage
increases. After the removal of the pulse, the current
disappears with a decay time of 15 * 20 usec. An
example of such a decaying current is shown in Fig. 5.
When the applied voltage becomes much larger than the
threshold voltage for unstable switching, the switching
begins to take place with almost no delay. The current
is stable and disappears instantaneously after the
removal of voltage (Fig. 6). Typical threshold voltage
va.ues for unstable switching Vth(USSH) and threshold

voltage values for stable switching Vth(SSH) for vari-

ous pulse lengths are shown in Table I. These voltage
data were taken under constant duty operatign, i.e.,
pulse length (sec) X pulse repetition (sec™™) = 0.l.

As can be seen, both vth's incrcase as the pulse length

decreases. Vth(SSH) is at least 3 v 4 times Vth(USSH).

When the applied voltage is kept constant, there exists
a eritical pulse repetition rate at which unstable
ewitching takes place. The critical pulse repetition

L..l..I‘iIIlIIIIIIIIIIIII.lII-I---lIlIll---.-----llllpi-___________________;__;_;__________A e e ———



rate increases with decreasing pulse length as expec- at high temperatures by the diffuslon of Ag through

ted. In all cases, little or no stahilization effect the Au/Cr film. 1t was found that the sample did not
was observed after repeated applications of voltage switch whken a Au lead wire was thermally bonded onto
pulses. the Au/Cr film. It seems that Ag is indispensable to

form a good electric contact to a boracite crystal.
However, little is understood about the electrode
effect as well as the switching phenomenon in general
al present. Several mechanisms that had been proposed
to account for the other switching phenomena have been
disc d in ¢ tion with the switching in Cd-
boracite crystals elsewhere.12

Device Applications

A number of functional devices can be fabricated by
making use of the newly found threshold switching in
Cd-boracite single crystals. Since the switching takes
place only at high temperatures (3 300°C), such devices
may be found to be useful in the fields where a high
ambient temperature or a lack of workible heat sink
prevents the use of ordinary solld state duvices. Such
devices include:

1. Current controlling devicus having aon-blocking
AR electrodes for dc, dc pulse and ac circuits

Fig. 5. Scope trace of unstable switching pulses.

Cd-Cl boracite sandwich electrode sample with elec-

trode spacing of 0.48mm; voltage (u r trace) of

5“/dlv;Puurr§nt (lower Erace) gf aopzifdiv: time of (Sfm"Etrzc geviced).,

5 psec/div; pulse repetition rate of 2 KPPS; and 2. Current controlling devices having one blocking

temp of 345° + 2°C. and one non-blocking electrode (asymmetric devices).

- Such asymmetric electrode devices can be used in a

logic circuit for dc and dc pulse voltages. J

3. Current rectifiers for low frequency ac.

Since the operative principle of devices of first
and second categories are obvious from the foregoing
discussion, only the current rectifiers will be des-
cribed in some detail. Figures 7 and B show the
circuits for half-wave and full-wave rectifiers, res-
pectively. The half-wave rectifier of Fig. 7 consists
of an ac source, a lvad resistance RL' a blocking

capacitance Cb' a boracite crvstal element, and a dc

Fig. 6. Scope trace of stable switching pulses. The

sample is the same as in Fig.5 with voltage (upper

trace) of 2V/div; current (lower trace) of 40pA/div:

time of 5 psec/div; pulse repetition rate of 10 KPPS; AC mnput
and temp of 345° + 2°C.

Table I
Vth's for Constant Duty Operation

Pulse Width Pulse V _ (USSW) V. (S5W)
Repetition th th Fig. 7. Circuit of half-wave boracite rectifier.
(sec) (Pulses/sec) ) )
107" 10° 2 778
-k
10~ 10 1.2 3 G
107 10° 0.2 % 0.4 4 I__|l' A:a,v__
-3 2 S
10 10 0.20.3 4 =
1072 10 0.2 0.4 3 ;

Sample: Cd-Cl boracite (001) cut, 0.48 mm thick,
T = 340 + 2°C.

Throughout the present switching experiments, dc or
pulse, the aforementioned switching characteristics
changed little with crystallographic orientation of
the sample.

In the present experiment, Au lead wires were
attached to the sample with Ag-conducting paste. In
this case, a Ag-boracite contact is presumably formed Fig. 8., Circuit of full-wave boracite rectifier.
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control circuit. The boracite element in this case
can be either a symmetric or asymmetric device. The
dc control circuit consists of a variable dc voltage
source and a large protective 1:sistance Rp to block

ac current. When a small ac voltage is applied

followed by a dc voltage, a regulated current begins
to flow at a critical do voltage. Figure 9 shows a
scope trace of such a regulated current. Because of

Fig.9. Scope trace of ac half-wave rectified current.
Cd-Br boracite saadwich electrode sampie with elec-
trode spacing = 0.30mm, R = 100 2, R = 100K?, C,_ =

10 UF, V, = 8.0V, and temp = 395° + P2°C. Ac rleti-

fied current (upper trace): 0.05V/div. Applied 50Hz
ac voltage (lower trace): 0.5V/div. Time: Smsec/div.

the threshold switching characteristics of boracite
crystal, the current appears in the form of regularly
repeated pulses. The direction of current is reversed
when the polarity of dc voltage (Vdc) is reversed. For

stable operation of the half-wave rectifier, an upper
limit (maximuan) exists for both vdc and Vac. For Udc,

it is about ten times the minimum voltage. The maximum
of vac is much smaller than that of vdc. The bias dc

voltage, both minimum and maximum, required for the
rectifying effect to take place increases with incrv.as-
ing current or power in the ac circuit. This observa-
tion cannot be explained but it seems that the response
of the Cd boracite element is different when ac and dc
are applied simultaneously as compared to the case of
dc or ac used alone.

The full-wave rectifier of Fig. B consists of an ac
source, a load resistance RL. two blocking capacitances

Fig.10. Scope trace of ac full-wave rectified current
Cd-Br boracite coplanar trielectrode sample with
electrode spacing = 0.20um; H-moﬂ. ap-mom; c

- - . - * .
Cbll-louF, vdc 15V; and temp = 301° + 2°C.

Ac rectified current (upper trace): 0.1V/div. Applied
50 Hz ac voltage (lower trace): 0.5V/div.
Time: 5 msec/div.

b1’
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Chl‘ Cbz' a boracite element, and a dc controlling

circuit. The boracite element in this rectifier has
three electrodes. In Fig. 8, the two -ide electrodes
are positively biased with respect to the middle one.
The current through RL will be 11 in the first half cycle

of ac and 12 in the next half cvcle so that the full-

wave rectification will be completed. The direction
»f current through “L reverses when tke polarity of

side and middle electrndes is reversed. Figure 10
shows a scope trace of such a rectified :urrent
obtained by the circuit of Fig. 8. As in the case of
ha!f-wave rectification, the minimum dc bias voltage
increased with increasing ac voltage.

The above examples are illustrative of potential
usefulness. Other circuit applications of the Cd
boracite switching devices s~em possible.
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WHATEVER HAPPENED TO SILICON CARBIDE

R. B. Campbell
Westinghouse Electric Corporation
P. 0. Box 10864
Pittsburgh, PA 15236

Surmary

Silicon carbide has been uscd extensively as an
abrasive, but only in the last twenty-five years has
its potential a= = semiconductor been exploited. The
rationale for SiC semiconducter- devices is their high
temperature performance. Rectifiers, field effect
transistors, charged particle detectors, and other
devices operate efficiently at temperatures about
800°K.

It is the purpose of this paper to examine the
progress made in SiC devices in the 1955-1975 time
frame and suggest reasons for the present lack of
interest ir is unique material. The data given in
this paper has been abstracted from previously pub-
lished work.

Introduction

In the last s-venty vears, considerable use has
been made of the abrasive characteristics of silicon
carbide (hereafter SiC); however, only recently were

i-4
its potentialities as a semiconductor exploitecl.(1 )

It is the purpose of this paper to discuss SiC devices
in the 1955-1975 time frame. Since SiC device proper-
ties are intimately ccnnected with its material proper-
ties, crvstal growth and fabrication techniques will
also be discussed. Finally, 1 will suggest reasons it
is no longer considered a viable product for exploita-
tion.

The work discussed in this paper was performed at
various industrial and college research laboratories.
These prozrams are no longer active, and there are no
known plans or interest in t eir reactivation.

Physical and Chemical Properties

Silicon carbide exists in the hexagonal (a) and
cubic (8) phases with the a phase occurring in a vari-
ety of polytypes. The various forms of SiC have the
largest energy gaps found in common semiconductor
materials, ranging from 2.39 eV (cubic) to 3.33 eV (2H)
The bonding of Si and C atoms is basically covalent
with about 12% ionic bonding. The structures are tem-
perature stable below 18000C and thus form a family of
semiconductors useful for high temperature electronic
devices. Table 1 shows the lattice parameters and
energy gap (0°K) for the common polytypes.

Table 1. LlLaftice Cunstants and Energy Gap of Common SiC Polytypes

Lattice Pg-cnu Energy Gsp (0°K)
(

Structure
] ‘a® 309 ,ce 5048 .3
& a=3.09 ,ce~10.05 3.26
[ ] a = 3,0817, c = 15.1183 3.02
lil 3.00
1% a=3009,ce37.78 2.986
ity aw™3079, ¢ce 52.88 2.5
- 2.80 - 2.90
eubic-3c as b;!” 2.9

n

S§4C is inert tn nearly all laboratory reagents,
and the usual techniques for chemical etchir3 employv
molten salt or salt mixtures (NaOH, Nazo, borax) at

temperatures above 600°C. Electrolytic etchirg, suita-
ble for p-type material and etching with gaseous chlo-
rine near 1000°C, may also be used.

The physica. i..>~dness and chemical inertness im-
pose great restraints on device rabrication techniques.
Although SiC technology has progressed along the same
lines as that of silicon, many techniques had to be
developed which were peculiar to SiC and which inevi-
tably made the fabrication more difficult and expen-
sive,

Methods of Preparation

The oldest and pernaps the best known method of
SiC crystal growth is the sublimation method. This
technique uses the vaporization of a SiC charge at
about 2500°C into a cooler cavity with subsequent con-
densatfon. Initially the charge formed its own cavity,
but more uniform crystals are grown when a thin graph-
ite cylinder is used in the center of the charge. This
thin cylinder also reduces the number of nucleations so
that fewer but more perfect crystals are grown. The
crystals are grown as thin hexagonal platelets, perpen-
dicular to the growth cavity. Doped crystals, contain-
ing p-n junctions, can be prepared by adding proper
dopants to the ambient during grcwth. The power recti-
fiers, to be described later, were prepared by this
method.

Other methods of crystal growth are epitaxy, trav-
eling solvent and solution growth.

The hexagonal a phase is grown epitaxially from
1725° to 1775°C with the cubic phase being grown from
1660°C to 1700°C. 1In both cases, equal molar percent-

ages of CCl6 and SiCl“ are used. Polished and etched

SiC crystal - were generally used as substrates although
Ryan and co-wcrkers at Ai- Force Cambridge Research
Laboratory have investigated the growth of SiC onto
carbon substrates using the hydrogen reduction of
methyltrichlorosilane (CH3SiC13) (called the vapor-

liquid~solid growth). At 15000C, a-5iC whiskers on the
order of 5 mm long by 1 mm dfameter were grown. These
whiskers were of the relatively rate 2H polytype.

SiC crystals have been grown together, and p-n
junctions formed by passing a heat zome through two SiC
crystals separated by a solvent metal (traveling sol-
vent). The temperature gradient across the thin sol-
vent zone causes dissolution at both solvent-solid
interfaces. Hcwever, the equilibrium solubility of SiC
in the snlvent is greater at the hotter interface, a
concentration gradient is established. The solute,
then, will diffuse across the liquid zone and precipi-
tate onto the cooler crystal. In this way, two dissimi-
lar conductivity type SiC crystals can be grown togeth-~
er,

In the solution growth technique, a small amount
of SiC is dissclved in molten Si (or in some cases Fe
or Cr). As the melt is slowly cooled, the Si7 becomes
less soiuble; and SiC crystals nucleate and grow in the
crucible on prepared graphite substrates. The grown
crystals are normally of the B-phase. Improvements in
the crucible geometry and cooling rates have led to -



cubic crystals up to 4 mm across and 0.1 mm thick.
With the use of pure starting materials and extensive
degassing, quite pure crystals can be grown; and

electron mobilities of 500 cm2 per volt-sec have been
measured.

Device Techniques

The specific device techniques used will varv
from device to device, and it is the purpose of this
section to discuss fabrication methodr in a genercl
manner. 1In later sections when thr individual devices
are described, anv special techniques required will be
discussed.

Ti:e mechanical shaping of a hard crystal such as
SiC is generally accomplished by scribing and breaking,
lapping and polishing, ultrasonic cutting and air
abrasive cutting. Boron carbide and/or diamond are
used for these purposes since they are the only mate-
rials sufficiently hard.

Scr.bing the crystal with a diamund point and
breaking it along the sccibe line can also be used.
As vill be discussed later, a number of field effect
transistors were fabricated on a single crystal; and
these transisturs were ceparated by scribing. Obvi-
ously this is best carrisd out on a scribing machine.

All of these mechanical shaping operations inevi-
tably leave surface and bulk damage in the crystal.
Some studies have indicated tnat the damage may propa-
gate into the crystal by microcracks to a depth of tens
of microns. For optimum device performance this dam-
age must be removed, e.g., bv chemical etching.

The etching of SiC using molten salts has been
described in detail by Faust in 1959. 1In his paper,
Faust describes the side of the SiC crystal which
etches in a rough '"wormy'" patrtern using molten salt on
the carbon side and the side where the etch is smooth
as the silicon side. This data has also been con-
firmed by Brack in 1965, using X-ray techniques.

Chang and co-workers studied the diffusion of
aluminum into $1iC from 1750°C to 2100°C, using both
closed tube and open tube flowing gas techniques.
Since the SiC crystals will decompose at these temper-
atures, it was necessary to provide an equilibrium
pressure of Si and C vapor species arourd the crystals
during the diffusion process. CGCriffiths in 1965 and
Vodakov et al in 1966 reported further experiments
using similar techniques. The activation energy for
the diffusion of aluminum into SiC found in these
three studies agreed within 5% (~4.8 eV).

Further refinements in unpublished work by Canepa
and koberts of the Westinghouse R&D Center resulting in
junction depletion widths up to 25 uint were obtained
+sing a combination of infinite source and finite
source diffusion techniques.

Another technique is to use gaseous etching, e.g.,

C12 at 9500C to 1050°C (Thibault) or Cl2 + 02 at 1000°C

(Smith and Chang).

Characteristics of SiC Devices

Figure 1 shows the reverse characteristics of the
IV properties of a SiC rectifier prepared by the grown
junction method, operating at one ampere and 30°C and
5000C. The forward voltages of these devices, even at
500°C, are always larger than 1 volt (half wave
average). 1lhus far, cectifiers operatine »n to 10 A
have been fabricated, and specially processed low
current devices have exhibited reverse capability of
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600 PIV. The reverse characteristic of SiC rectifiers
generally show ¢ "solt" breakover, rathcr than tie
avalanche hreakdown sometimes noted in silicon. This
ie generally attributed to tue carrier generation
mecha~ 'am at the junction and to local areas breaking -
down 1ifferent voltages, so that the total effect is
one o1 gradually increasing reverse current.

1020 T T T T

[

Half Wave Average Reverse Current IpA)

1 i 1 i i I
L} 0 10 160 20 u0 280
Poak Reverse Volts

Representative properties of silicon carbide
grown junction rectifiers - reverse charac-
teristics

Figure 1.

Although very limited life test data have been ob-
tained for these grown junction rectifiers, a few de-
vices have been operated at several amperes for up to
200 hours at 500°C in air, with no change in electrical
characteristicvs. Devices operating at one ampere and
using approximately the same encapsulation have been
successfully life tested for 1000 hours at 500°C.

The operation »f a p-n junction nuclear particle
or photon detector depends on the collection of elec-
tron-hole pairs produced by the ionizing particle or
photon as it passes through the detector. The elec-
tron~hole pairs are separated in the junction region,
collected, and give rise to a charge or voltage pulse.

Silicon photovoltaic diodes have been developed for
the detection of infrared and visible radiation. These
diodes exhibit a sharp irop in response as the wave-
length of the incident light approaches the ultraviolet
region with most detectors showing negligible response

below 3000 3. This decreasing response is due to the
increase in the absorption coefficient with decreasing
wavelength. A large absorptiun coefficient indicates
nearly all the light will be atsorbed ac the surface of
the device, and electron-hole palrs generated may be at
a great distance from the p-n junction. Thus, surface
effects, such as carrier recomb’nation, will decrease
the response of the detector.



$iC, with a band gap near 3.0 eV, has an absorr-
tion coefficient several orders of magnitude less Lnan

that of Si at 4000 g, and thereéfore surface effects
would not be so impo-tant. Detectors have been pre-.
pared from SiC, and these devices were found to have

a spectral response which wete a maxinum in the ultra-
violet region and which could be shifted by varying
the junction depth.

A simple theoretical model was originally derived
by Chang and Campbell which quantitatively explained
the dependence of the peak wavelength on the junction
depth and the depletion width of the diode. Consid-
ered in this model were the wavelength and temperature
dependences of the absorption coefficient in SiC be-
low the band edge. An approximation was made that at
the peak response waveleny . the total number of
electron-hole pairs generated in the depletion layer
is a maximum for a given intensity of transmittred
radiation at the surface

Figure 2 shows the varfation of peak response
wavelength calculated from this model. The curves are
shown for values of the effec.ive depletion width (w)

from w = 1 micron to w = 10 microns.
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Figure 2. Peak spectral response of silicon carbide
junction diode as a function of junction

depth (after Campbell and Chang)

In addition to these photon detectors, SiC dfode
structures, specially prepared with graded junctioms,
have heen used to detect alpua particles; and with the
addition of a conversion layer, thermal neutrons have
been counted.

The fission products of U-235 irradiated with
thermal neutrons are not unique but have a distribu-
tior. with two peaks occurring in the fission product
mass dictribution curve. The total energy Liberated
is 157 MeV with peaks at 66 and 91 MeV. Figure 3
shows a comparison of the alprha and fission product
spectra for a SiC diode. The fission products spectra
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are very close to those predicted from the a~-particle
response taking into account the different distribution
in the incident energy. The S1C diode, which had a
peaked a-spectra, also shows a peak fission product
spectra: in fact, the iission spectra of the diode
resolves the double peaks.
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Figure 3. Comparison of alpha particlr and fission
fragment counting of silicon carbide junc-
tion diode (after Canepa et al)

Tunnel diodes in 4i€ can be made by forming a
heavily doped alloved junction in either n- or p-type
degenerate SiC crystals, using a very fast alloying
cycle similar in principle to that originally used to
produce Ge tunnel diodes. Degenerate n-type SiC can
be grown readily with heavy nitrogen doping. The
p-type degeaeracy in SiC cannot be established until
the uncomprnsited acceptor level approaches 1020 -

1021 cm-3, which has not been achieved.

An operable SiC tunnel diode was reported Ly Rutz
in 1964. The junction was “ormed by alloying Si in a
nitrogen-containing atmosphere to very heavily Al-

doped a-SiC crystals (4.5 x 1020 - 9% 1020

sated acceptors cm"3). The highest peak-to-valley
current ratio achieved was 1.37 at room temperature,
but negative resistance was observed at temperatures
as high as 500°C. The peak voltage 1is unusually high,
approxifirately 0.9V and 24°c. Figure 4 shows the IV
characteristics of a SiC tunnel diode at several tem-
peratures.

uncompen-

The channel dimensions and other device dimensions
in a S8iC junction gate field effect transistors are
quite small due to the low carrier lifetime and cor-
respondingly short diffusion lengths. Thus, the fab-
ricaciorn »f these devices require photolithographic
techniques. Using a self-masked diffusion process and
gaseous etching (see Figure 5), Chang et al fabrica“ad
S1C FET's which _exhibited current gain from room tem-
perature to 500°C,

A silicou carbide thermistor was described by
Campoell in 1973. This device takes advantage of the
exponential decrease in resistance of a SiC junction
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with temperature. Since this resistance changes by an
order of magnitude for every 100CC temperacure change,
a change of a few tenths of a degree is easily de-
tected. Prototype devices have been operated several
thousand hours (with frequent cycling) without degrada-
tion.

Conclusions

Tnus far I have given a brief outline of SiC
semiconductor devices and methods for their fabrjica-
tion. The data given show that SiC devices are feasi-
ble and have properties that should be of interest to
several high technology fields. The question then
arises: Why is there so little intereset in this mate -
ria. today, and why are there no SiC devices currentl
in use?

I believe there are three specific reasons for
this. First, in the later 1960's there was a decline
in corporate and Government R&D funding due to econom-
ic conditions. At this time, S$SiC had not carved out
its niche in the semiconductor device market and thus
was a prime candidate for any cutback. A second, some-
wvhat related, cause was the disappearan:e of the small
market where SiC devices did have a chance to make an
impact. These were high technology areas such as near
sun space missions, supersonic anl nvpersonic aircraft,
etc. When these markets disappeared, much of the
interest in SiC also disappeared. Fimally, the fabri-
cation techniques for SiC devices (including growrh
methods) did not improve appreciably in the twent:
vears undar question. This lack of progress may [.ave
been due to misplaced emphasis in device programs, but
the net result was that the fabrication techniques fur
SiC devices improved only slightly in this time span.

Now, whcre do we go from here? 1 see no viable
market for SiC semiconductor devices in the near fu-
ture. lmproved Si devices, better insulation, improved
circuit design all micigate against any exiensive use
of SiC devices. This ma; be viewed as an unfortunate
circumstance to many of us who were professionally and
emotionally involved with this interesting material
for a number of years.
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=55 TO +200°C 12 BIT ANALOG-TO-DIGITAL CONVERYER

Lewis R. Smith ond Paul R. Prazak
Burr-Brown Research Corporation -
Tucson, Arizono

The 12 bit successive approximation A/D converter offers
moderctely hugh speed precision data conversion ot a reason-
cble level of cost ond complexity, The ADCIOHT extends
this copability over oteuwdmmgeof—SSloﬂm Cc.

No missing-code performance is maistained over the entire
temperature range. The converter is completely self-con-
tained with internal clock and +10 voi? reference, Figure 1
shows a block diagram of the ADCIOHT.
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Figure 1

The internal 12 bit DA converter is a monolithic die-
fectrically isolated chip,“ The giccessive approximation
register (SAR) is o commercially availoble CMOS chip. The
clock and the compa. ator were designed with a single IM119
duol comporator made: with conventional junction isolated
bipolar technology. The clock also contains an MOS
copacitor chip and a nichrome thin film resistor network chip.
These five chips moke up the basic A/D converter, The
reference circuit consists of a dielectrically isolated op g
chip, zener diode and nichrome thin film resistor network,
The ADCIOHT con be used with on evi.mal +10V reference,
if desi-ed,

The SAR could have been either bipolar TTL or CMOS
since both technolcgies exhibit altered but useful choract-
eristics at temperatures well above 200°C. However, CMOS
devices offer low power dissipation, so that the internal
temperature of the hybrid circuit does not rise as much from
self-heating, Also, CMOS SAR's have beMer noise margins
thon TTL devices at high temperatures.

A major problem at high temperature is that coused by
pn junction leckoge o vents, The lorgest of these currents
is the epl 1o subsirate cuent in ju..ction isolated clrcuits
due to the very lorge size of the ini.*ion pn junction
relotive to the device junctions. In CMOS clrcuits, these
leakages are returned to the supplies, ond therefore, do not
degrade performance. Therefore, the logic keeps working
ot temperatures up to 250°C, Above that temperature, a
four layer latch mecha-.ism, inherent to junction isolated
CMOS, limits the devices performance,

Since the internal D/A converter is dielectricolly
fsolated, there is no epi to substrate ledkage component, By
eliminating this error mechanism, the useful
range of the device is increased. Dielectric itlation Is olso
used In the reference circult operotional amplifier for similar
reasons. )

Although the dua! comparator is junction isolated, the
epl iowbslroleledmgecmemsmsecondﬂogeeﬁeehmd
ﬁ:rfhenmre, tend to concel out. Anmother poteatial diﬁ’eully
in bipolor circuits is the poor performonc:e of ioteral pnp
transistors at high temperature, This particular comporator
dos=s not contain ony loteral ronsistors, Instead, resistors ore
used for level shifting purposes,

The nichrome thin film resistor networks ore stabilized
ot over 500°C and, rherefore, ae stable” at temperatures
well above 200°C, The current densities have been reduced

by a factor of three from those densities used in normal
commercial proctice to prevent electromigration at
high temperature,©

The absolute value of resistors in the converter is not
critical, but resistor tracking with time ond temperature is
very importont, For this reason, criticol resistors of
difierent values are comprised of equal resistance elements,
Thus, even tho'igh the resistors may shift due fo the extreme
ambient conditions, the linearity, gain and offset of the
A/D converter itself shou!d remain stoble

The converte: is packoged in a conventional 28 pin side-
brazed ceromic pockoge, Figure 2 shows the placement of
the vorious chips in this packoge. The eight chips ore
eutectically attached to the subsirate ond vltrasonic wire-
bonded to a double layer thick film substrate. The substrate
is then attached to the header using a high tempcroture gold
tin pfefm.

BIPOLAR
TENER DIOOE OUAL COMFARATOR

NICHROME THIN-FILM MOS CAPACITOR
RESISTOR NETWORK  CMOS 12 BIT SUCCESSIVE-

APPROXIMATION REGISTER

Figure 2

A platinum/palladium doped thick film gold system is
used to minimize purple plogue, Average wirebond pull
strengths of three grom. after 1000 hours at 250°C have been

" obtoined, A 1000 hour test at 250°PC exhibited only on 80%
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increase in bond resistances.

Connection between t.2 double loyer subsirate and the
ceramic side-brazed package is mode with gold wire, The
converter is hermeticolly sealed using a gold germanium pre-
form to altach the ceramic cop.

To ensure the reliability of the converter, oll parts are
burned-in ot 20C°C ond ofl ports are 100% screened. Due
fo the limited life of the connectors, the temperature testing
ond burn-in Rxtures use prinicd circuit boards that poss
through the oven doors, thus allowing board connection to be
mode at room temperature, The test sockets themselves are
zero insertion force types made of Torlon with besryliium/

nickel contacts. The boards are mode of Norplex gepperclod = ‘4"".‘ v o !

polyimide with nickei plating. A high-temperoture solder
with a 300°C melting point is used for the test boards.

Table | shows the importont electrical specifications
for the ADCI0HT. Figure 3 sho s linearity error vs. con-
version speed ond indicates that 12 bit accuracy con be
attoined ot 25us. The clock frequency can be adjusted ex-
ternally. .

TABLE {

Typice! Performance
Resolution 12 bits

Accuracy at 25°C
Gain error: 30,05% (odjustable to zero)
Offset error: 20.05% (adjustable to zero)
Linearity error: 10,005%

Drift (-55°C < Ty < +200°C)
Gain: 15 ppm/°C

Offset (unipolar): #1 ppm/°C
linearity: 30.5 ppm/°C

LINEARITY ERROR VS CONVERSION SPEED
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Figuro 3

Shift in bipolor offset and gain vs. time during oper-
ation ot 200°C are shown for three devices in Figures 4 and
5. Both parometers con be adjusted fo zero initially by the
use of external trim resistors, Offset in the unipolar mode is
much less than the bipolar shift shown In Figure 4. Differ-
ential nonlinearity shifts with time during operation ¢t 200°C

|
Lk L

SIPOLAN OFFSET SIFT VS THNE SURIRG GPERATION AT 200°C.
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are shown in Figure 6. Differentiol no.linearity is defined os
the deviation from the ideal on. LSB step size, Overall non-
linearity is not shown but has similar shift vs. time character-
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Figure 6
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istics to that of differentiol nonlinearity. Figure 7 shows
differential nonlinearity vs. temperature, All ports are
tested for no missing codes over the temperature range,
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Figure 7
Future Direction

Although the present design was not intended for use
above 200°C, it is believed that @ successi ve approximation
analog-to-digital converter could be built for 300°C
operation with 8 bit performonce. lower power circuitry
will reduce peck junction temperatures, The present circuit
dissipotes most of its power in the digitol-to-analog crnverter
chip and ir. the reference. Both circuits could be redesigned
to operate at lower supply voltage ond hence lower power,

Although the »ener diode usad in the reference exhibits
a nonlineor temperature coefficient above +125°C; accept-
able performance was cbtoined to +200°C, At much higher
temperatures, o nonlinear zener temperature coefficient
compensation method is likely i be required,

Very careful ottention must be paid to matching of the
internal D to A convester’s collector-base leakoge cumrents
if nonlinear transfer charozteristics ore to be avoided ot high
temperatures. Although leckage currents can still cause gain
and o errors, these con be removed using digital tech-
niques,

The CMOS high temperature latch cgndition can -2
eliminated by using dielectric isolation. 1L logic
circuitry also has potential for use in the SAR,

Finally, a high tempercture metal system such as lzoe
Py, Ti Au metallization reported on by Peck and Zierdt ° i
required if reasonoble MTBF is o be obtained ot 300°C.
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PROCESS CHARACTERISTICS AND DESIGN METHODS
FOR A 300° QUAD OP AMP

By: J. D. Beasom
R. B. Patterson, IIIl

Harris Semiconductor
P. 0. Box 883, Melbourne, Florida 32901

SUMMARY

There is a growing need for electronics which
ojerate over the 125°C to 300°C temperature range in
such applications as well logging, jet engine control
and industrial orocess control. This paper presents
the results o- an IC process characterization, circuit
desinn and re isbility studies whose objective is the
development ot a quad op amp intended for use up to
300°C to serv: those requirements.

PROCESS CHARACTERIZATION

A dielectrically isolated complementary vertical
bisolar process was chosen to fabricate the op amp.
DI eliminates isolation leakage and the possibility of
latch up, two of the major high temperature sources of
circuit failure which are present in junction isolated
process>s. The complementary vertical PNP offers
superior AC and DC characteristics compared to a
latzral PNP allowing simpler stabilization methods.
The junctions are relatively deep (2 3u) to minimize
sensitivity to interconnect pitting. Device cross
sections are shown in Figure 1.

vevice Cross Sections

Figure 1.

Characterization of the NPN and PNP show them
to be g te suitable for use up to 300°C, however
certa‘’n parameters change drastically over the
termerature range and require special consideration
in a high temperature design. Leakage currents in-
crease to micro amps as shown in Figure 2. An
important point illustrated ‘n ti2 figure is the fact
that ICgS is several (imes la. jer than ICBQ.
Significant, but not shown on the figure, is the fact
that the leakage curcents for matched devices on the
same chip typically match to 10%. These character-
istics are exploited in the circuit design.

The effect of leakage current on NPN common
emitter characteristics can be seen in the 300°C
photc of Figure 3. The base current has been offset
by 4.5 ua to compensate for Icgg bringing the first
trace to the origin. This illustrates the base
current reversal which occurs betore 300°C. One can
alsy observe the monotonic increase in hfe with
temperature in the photos.

VgE decreases with the well known -2mV/°C slope
to about 100mv as shown in Figure 4.

"Work sponsored by Sandia Laboratories,
Albuquerque, New Mexico
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RELIABILITY

Reliability is a particularly important con-
sideration in high temperature circuit design because
most failure mechanisms have exponential temperature
Jependence. Perhaps the greatest concern is that of
interconnect reliability. Calculations using Black's
expression] for electromigration in Al interconnect
predict MTF of greater than 4 years for the maximum
current density to be used in the op amp. This far
exceeds the goal of 100 hours operating life. 325°C
life tests have been conducted on Al interconnect test
structures at J = 3.3 x 108 A/cm2, on small geometry
transistors at ¥ ma and VC2? = 30V and on minimum area
contacts to P+ and N+ silicon at 4 ma .11 fabricated
with the proposed process for more than 500 hours each.
No failures have been observed.

Another potential source of failure, parasitic
MOS formation, is eliminated by isolation of each
device in its own dielectrically isolated island.
This eliminates the isolation diffusion which can act
as drain for a parasitic PMOS in JI circuits.



Figure 3. NPN Common Emitter
Characteristics at
Three Temperatures
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SPECIFICATIINS

An initial set of target specifications was
arrived at. They were based on preliminary high
temperature device measurements and extrapolations
from available data. The target specifications are
given in Table 1.

CIRCUIT DESIGN

Conceptually, certain things had to be done
differently from a similar design for the commercial
or military temperature ranges. Leakage currents put
practical limitations on minimum operating bias current
levels. Diode connected transistors are unworkable
because of low fo~vard biased junction voltages. Base
current reverses hecause of increasing collector to
base leakages and increasing beta. This last con-
sider ‘tion means that the ba<~ voltage node for strings
of current sources must have current sinking as well as
sourcing capability at high temperatures. Diffused
resistors are almost twice their room temperature
values at 300°C. While this must be borne in mind,
this high positive temperature coefficient can be used
to offset changes in the forward biased junction
voltages.

The primary bias circuitconsists of a buried zener,
72, in Figure 5, biased by a pair of 12K/L. resistors,
R1, and R16, going to the positive and negative power
supplies, which develups a current through the 9K ./
resistor, R11, and diodes, D5 and D6, through the four
Q11's and the four Q20's (whose bases and emitters are
parallel but whose collectors go to separate
amplifiers). A buried zener was chosen because it is
quieter than a surface zener. The temperature co-
efficients of the zener, the transistor base-emitters,




and the diodes approximately cancel the temperature
coefficient cf the resistor, R11, keeping the current
delivered to the positive and negative current source
base nodes approximately constant over the temperature
range.

The input stage of the amplifier consists of the
differential PNP pair, Q21 and Q22, along with Q16, Q17
and R13 (which make up a leakage current compensation
network) and the current source consisting of Q5 and
R4. NP devices were chosen for the input pair because
their collector to base leakage is significantly lower
than that of the NPN devices. R13 provides most of the
collector base voltage for Q16 and Q17 whose ICBO's
cancel those of Q21 and Q22 to within the limits of
their match. The collectors nf Q21 and Q22 go to the
following stage which consists of Q26 and Q27.

NP transistors Q26 and Q27 along with R18 and R19
constitute grounded base stages. They translate the
signal toward the positive side of the circuit. The
stag> consisting of Q27 and R19 shields the input
device, (Q22, from the large voltage excursions of the
high impedance node to which its collector is common.
The collector of Q26 drives the current mirror stage.

The current mirvor consists of Q¢, Q3, N7, (8,
Q2, 113, D1, D2, D3, D4, Z1 and R3. The primary part
of the mirror consists of Q7, Q8 and Q13. Q12 is added
to make the collector to base voltage of Q7 equal to
that of Q8. This removes a small offset problem due to
hyp effects but {more importantly in this case)

TABLE 1
TARGET SPECIFICATIONS AND BREACBOARD RESULTS

Parameter Temperature Limis BB  Units

Offset Voltage 25°C 3.0< 0.2 mv
300°C 6.0 -5.3 mv

Bvqg. Offset 25°C to 300°C 10 < 20 uv/°C
Voltage Drift
Input Bias 300°C 5¢ 2.1 uA
Current
Insui Jffset 300°C 1.3€ 3.4 uA
Currant
Cudzion Mode 25°C to 300°C V10 :13.9 v
Input Kange
Differenticl 25°C to 300°¢ 7¢ v
Input Signal
Coiwion Mode 300°C > 60 7%.7 [}
Rejection Ratio
V~1tage Gain 300°C 27 71.9 dB
Channel 300°C 780 dB
Separation
Gain Lanuwidth 300°C >3 MHz
Out,ut Voltage 25°C to 300°C >:10 13.7 )
Swing
Slew Ra - 300°C 72 V/usec
Output Current 300°C 5¢ mA
Power Supply 300°C > 60 71.7 dB
Rejection Ratio
Noise 25°C 8< nv//Hz
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equalizes the collector base leakages of Q7 and Q8.
Ordinarily, Q8 and Q12 would be connected as trans-
diodes but, because the forward biased junction
voltages are so low at high temperatures, 02 and D3 are
used to tie the base to the collectur of Q8 and 21 is
used to tie the hase to the collector of Q12. At low
temperatures D2 and D3 are forward biased by the base
drive requirements of Q7 and Q8 as 21 is reverse btased
by the base drive requirements of Q12 and Q13. At high
temperatures Q2 and Q3 supply ICES to forward bias 02
and D3 and reverse bias Z1 as well as supply the re-
versed base current of Q7 and Q8 and of Q12 and Q13.

D! and D4 provide . voltage drop equal to D2 and D3 to
make the voltage across Q2 more nearly the same as that
across Q3. R3 provides most of the voltage for (J
(and, therefore, Q2). The collector of Q13 is common
with the high impedance node.

The next stage consists of a complementary pair of
emitter followers, Q15 and Q18, biased by current
sources consisting of Q6 and RS and of Q28 and R20
respectively. There is also a ieakage current com-
pensation network associated with each follower con-
sisting of Q9 and R7 for Q15 and Q24 and R14 for Q18.
The bases of Q15 and Q18 are common to the high
impedance node. Difference in [CBO between Q15 and Q18
at high temperature would be reflected to the amplifier
input as an offset.

No special design considerations because of high
temperature were necessary in the output stage design
which consists of Q14 and Q19 driven by Q15 and Q18
respectively.

The positive and negative current source base
nodes remain to be discussed. The positive node is set
up by Q4 and R2. Emitter follower Q10 supplies the
base drive requirements of Q4, Q5 and (6 until the
base currents reverse at high temperature. Then they
are supplied by Ql's ICES whose excess is then supplied
by the emitter follower. This excess flowing through
R6 and Q10 provides some collector to base voltage for
Q4. ICES seems to be a minimum of three times ICBO at
300°C so Q1 is made a double sized device because three
sources of ICBO (cne of them, Q5, is double sized) have
to be supplied by it along with excess for the emitter
follower. The same considerations apply to the
negative node which is set up by Q25 and R17. (23
serves as the emitter follower, Q29 the source of ICES
and Q25, Q26, G27 and (28 receive their base drive from
the node.

BREADBOARD

In order to test the validity of the design it was
breadboarded using four subcircuit chips made from an

existing circuit by custom interconnect patterns. A
schematic of the breadboard is shown in Figure 6. The
package pins are designated as follows. The first

number designates the type of package then there is a
dash and the second number designates the pin on that
parkage type. Package type 1 contained the primary
bias circuitry. Package type 2 contained the negative
bias circuitry. Package type 3 contained the input
stage and positive bias circuitry. Package type 4
contained the curr ~t mirror and ovtput circuitry.

Several breadboards made up of packaged sub-
circuits were socket mounted inside an oven door,
externally connected as in Figure 6 and tested over
temperature. Results are shown in Table 1.
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CONCLUSION
A dielectrically isolated complementary vertical
bipolar process has been characterized for use at 300°C
and been shown to be useful and reliable for linear
ﬁ__t::: design at that temperature. Circuit design methods for
2 330°C op amp have been deveioped and demonstrated on
;g% IC test chips and an entire op amp design has been
LU - proposed.
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COMPUTER SIMULATIONS

The computer simulations were done u.ing a Harris
version of SPICE called SLICE. Problems arose with
the modeis at 300°C.

Saturation current for the reverse biased diode
is modeled as having a linear voitage cdependence

flow problem in the computer.
that this approximation has the effect of placing a
shunt resistor of less than 10K AL across each reverse
The problem was circumvented by

biased junction.

= 0 to solve an under-
At 300°C Ig is so high

1~ing a smaller vilue for saturation current which
results in the model giving higher Vgg than true value
but otherwise accurately representing the devire.
Leakage current was modeled by placing a current source
shunted by a resis-or {ic simulate voltage dependence)
across each reverse biascd junction.

The simulations were used to set the values for
the compensation networks C1 - R8 and C2 - R9. They
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HYBRID A/D CONVERTER FOR 200°C OPERATION

Mark R. Sullivan
Jeffrey B.Toth
Micro Networks Company
324 Clark Street
Worcester, Massachusetts 01606

ABSTRACT

This paper describes the design and developmeat of a high performance hybrid 12 bit analog to digital converter,
which will operate reliably at 200°C. A product of this type was found to be necessary in areas such as
geothermal probing, oil-well logging, jet engine and nuclear reactor monitoring, and other applications where
the environments may reach temperatures of up to 200°C. This product repre-.nts an advancement in electronics
as it proved the operation of integrated circuits at high temperature, as well as providing information about
both the electrical and mechanical reliability of hybrid circuits at 200°C. Because the circuit design of the
A/D converter involved both digital and lincar circuitry, this produced an opportunity to evaluate the
performance of both technologies at 200°C. initial mechanical failure modes led to researching mure reliable
methods of wire honcding and die attachment. The result of this work was a 12 bit A/0 converter which will
operate at 200°C with .05% linearity, 1% accuracy, 350 uSec conversion time, and only 455mW power consumption.
This product also necessitated the development of a unique three metal system in which aluminum wire bonding is
done utilizing aluminum bonding pads, gold wire bonding to all gold areas, and employment of o4 nickel interface
between gold and aluminum connections. This sytem totaily eliminates the formation of intermetallics at the
bonding interface which can lead to bond failure.

INTRODUCTION

Recently the electronics industry has been made aware temperature electronics has shown that the rate of

of the need for elecironic components and systems which aging, those factors that produce changes in para-

will operate at temperatures as high as 200°C. These meter of key components, will apgroximately double

applications include geothermal probing, oil well with each 10°C temperature rise.

logging, jet engine and nuclear reactor monitoring and

other hostile environments where the temperature may For a hybrid circuit the substrate temperature will

reach 200°C or higher. In some of these applications, increase as the power consumption increases. As a

as in oil well logging and geothermal probing, it is design goal the typical substrate to ambient temper-

nelessary to transmit data through long lengths of ature rise was not to exceed 10°C. The 32 pin double

cable which run from deep into the earth to the sur- PIP Package, selected primarily for its form factor,

face.! These applications are where a high tempera- has a typical substrate to ambient rise of 27°C/watt.3

ture A to [ converter becomes highly desirable. Trans- Thus to keep this rise under 10°C, the typi:al

mitting low level analog data over a long distance power consumption was limited tc 3il milliwatts. To

such as this would be very difficult without intro- reduce the complexity, as few 1.C.s were used as

ducing significant extraneous errors. Through the possible.

use of an A to D converter it becomes possible to take

outputs from strain gauges and thermocouples, convert There are several different approaches to A to D

them to ''ones' and ''zeros'' and then transmit this data conversion which are currently used. The MN5/G0 uses

digitally to the surface. the successive approximation method. This allows a
converter to be made using few components and has

ADVANTAGES OF HYBRIDS good characteristics in speed, resolution, and

accuracy. A successive approximation A to D converter

An A to D converter can be fabricated in many differ- consists of four sections, D t, A converter, reference,

ent forms such as a module, printed circuit board, or comparator, and successive approximation register

hybrid circuit. Hybrid reliability at 125°C has been ( SAR). See Figure |I. Each of these sections will

proven to be excellent through many thousands of hours be discussed showing the design considerations for

of qualification tests. This reputation makes hytrid 200°C operation.

technology a wise choice for 200°C operation. A

hybrid circuit can contain several different I.C.s in D to A Converter

one small package, which is advantagecus in applica-

tions where space is limited. The D to A section of the MN5700 utilizes a voltage
switching R-2R ladder network. The switch is CMOS

A TO D CIRCUIT DESIGN and connects each leg of the ladder either to ground

ar a reference voltage. See Figure 2. A CMOS switch

Fn A to D converter proved to be a challenging was chosen because of its low power consumpcion and

product to design and evaluate at 200°C due to the evaluations showed it to be reliable at 200°C.

fact that little information concerning the different

types of components ard their properties at high Reference

temperature was ava.lable. Passive components, such -

as resistors and capacitors and active components The reference circuit shown in Figure 3 consists cof

including transistors and integrated circuits required a temperature compensated zener diode and a die'ec~

extensive analysis and evaluation. The final A/D trically isolated op-amp. Th2 zener was found to be

design employs both linear and digital circuitry. accurate to about 10ppm/®C from 25°¢ to 1257C. From
125°¢C to 200°C the temperature coeffiL’ znt increased

In the design of the MN5700, reliability was consid- to 40ppm/°C. Figure b shows a grenh of zener

ered of prime importance. Two factors that s.gnifi- voltage vs. temperature.

cantly effect the reliability of any circuit are
power and level of complexity. Research in high
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Research and evaluation showed that a dielectrically
isolated op-amp was the hest choice for 2009C opera-
tion. Most silicon bipolar 1.C.s use junction
isolation between transistors. These types of
circuits show transistor interaction at 200°C.3 (.C.s
which are manufactured using dielectric isolaticn have
the active areas separated by an insulatirg layer of
material. This reduces transistor interaction and
also reduces leakage current to the subscrate under
high temperature conditions.

8o

4 4 lener Voltage
Vs
P Temperature
Change h
.3
-
2~
1 -
-
0 T T T T T 1 '

25 50 75 100 125 150
Temperature {OC)

Figure &4

175 200

The change in the reference voltage at 2007 was

found to be typically .2%. The circuit was evaluated
to see why the change in reference voltage was less
than the change in zener voltage. Evaluation showed
that the offset of the op-amp had its largest change
between 1569C and 200°C, as shown in Figure 5 This
change was in the opposite direction to the drift of
the zener, and therefore the accuracy of the reference
became the difference of the two.

Offset Cffset
Change 6 - vs.
(mv) Temperature
5
4 -
3 -
1 -
0
T T I | T 7

25 50 75 106 125 150 175 200
Temperature (°C)

Figure 5

The central component ¢ the D to A circuit is a
resistor network. The network used is a thin film chip
using nickel-chromium resistors deposited on silicon.
The change in resistance over temperature wil!l deter
mine the accuracy anc linearity of the device. An
absolute change in resistance recul?s in an accuracy
change and a change in resistor ratios will result in
a linearity change. The graph in Figure_é_ shows
typical changes in resistance from 25°C to 200°C.
Figure ] <uows changes in resistor ratios. In order
to wmeet design requirements of *1/2 LSB to the 10 bit
level, the res:stor ratios must track to better than
*.05% from 259C to 200°C.

The thin film resistcr chip also has the advantage of
being actively laser trimmed. This results in an A to
D which will meet all specifications without any exter-



nal adjustments. Any external components added then put on a 260°C burn-in with frequent monitoring to

would be another source of error when raised to 200°C. observe changes or shifts that occured. After approx-
imately 25 hours, large shifts were seen in linearity
.3 4 Resistance and accuracy. The cause of a shift such as this indi-
vS. cated a charge in resistors or a change in the output
T Temperature d resistance of the switches. The parts were burned-in
Change . longer and catastrophic failures were seen. Visual
inspection showed that gold ball bonds were lift.ng
2 off of the a'uminum pads on the 1.C. chips.

BONDING FAILURES

The bonding failures which occured at the aluminum/

I - - gold interface arose from the formation of an inter-
metailic compound at that point. As the time at high
temperature increases, these compounds de not exhibit
sufficient mechanical strength to insure bond integrity.
As a result, the bonds have a tendency to break and

0 1 r, T T T T 7 cause dan open circuit.
25 50 75 100 125 150 175 200 CEVELOPMENT OF METAL!IZATION SYSTEM
Temperature °C . .
Figure 6 It was concluded that the most reliable hybrid could

be fabricated if all wire bonding was done to similar
metzls. This was a problem bhecause available {.C.

Resistor Ratio chips use aluminum bonding pads, while the substrate,
Ol 4= vs. resistor chips, and posts have gold bonding areas.
¥ <hange Temperature
uiz— * To accommodate this bonding scheme, a substrate was
% needed with both gold and aluminum bonding areas.
.G107 ®
Three Metal-Metalization Process
.008
In order to construct the type of substrate described,
006 e . it w3s necessary to use three metals - gold, aluminum,
and rickel. The gold is used for conductor runs and
.00k bonding areas, and the aluminum is used only for bond-
L] [ ] ing areas, at the !.C. chips. The aluminum bonding
.002™ pads sit on top of gold pads, but have a layer of
nicke! in between the gold and aluminum layers to act
0 T | T : 1 7 T as a diffusion barrier, which eliminates the formation
5 50 75 100 o5 150 175 200 of intermetallic compounds.
Temperature {'C) figure 8 depicts the major process steps. Startingwith
Figure 7 a2 wholly metallized Alp 03 ceramic plate (Fig.Ba) &
s goid conductor patternziSBdefined using standard photo
Comparator lithographic and etching techniques (Fig. 8b). Next
a nickel layer and an aluminum layer are vacuum depos-
In most hybrid A to D converters, the comparator i: a ited (Fiq.8c). Finally, the aluminum pads are formed
single 1.C. chip. These are usually bipolar devices. by selective removal of unwanted film (Fig. 8d).

Tests done on most available bipolar 1.C.s indicated

they were not the most reliable choice for 200°C e th A
operation. This is due to the problems of junction 5. o v
isolation previously stated. Because of his, a ——%750 A NiCr
comparator was designed using a dielectricully isolated .

op amp and discrete transistors which operated re- <« Alg Ug
liably at 200°C. Substrate
Successive Approximation Register (a)

The SAR used in this design is a CMOS 1.C. This was
chosen because of the good characteristics of CMOS at
high temperatures and the low power consumption. CMOS
1.C.s have been constructeg which were functional at
300°C for over 1000 hours.® While leakage current on
CMOS devices operating at 200°C may be large when
compared to +25°C operation, their volts-e thresholds
do not change appreciably. Thus devices operated from
low impedance sources work very reliably at 200°¢.

D

g <« Au
TEY —&—NiCr
/“'_\\ //-='1|onﬂ Ni

AV

L»u

ELECTRICAL TEST RESULTS / K
The first prototype units were evaluated for confor- N
mance to the 200°C specifica.ions. Test results show- )
ed that these performed as expected. These units were
Figure 8
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The precess st.ops, thicknesses, and natetial selection
have been chcsen on the basis ~f compatibility with

present fabrication techniques, as weil as performance | — ]m Ul_—_
criteria. — va

Au/Ni/Al Substrate Evaluation

for evaluation purposes, a substrate was made which
had a pattern allowing gold and aluwinum wire bonding
to be done between pins of a hybrid package. Connec-
tions were made which consisted of 26 bonds (13 wires)
between pins of the package. The bonds ronsisted of
aluminum wire on gold pad-, aluminum wire on aluminum
pads, gold wire on aluminum pads, and gold wire on
gold pads. The aluminum pads were deposited on gold
using a nickel barrier as described in the previous
section. The resistance was measured between the pins
of the package at various intervals of 200°C bake.
This measurement included the bond resistances along
with the resistance through the aluminum/nickel/gold

interface. Figure 9 shows a graph of change in \EI[::
resistance versus time at 200°C for the four different —-—-:Zfi—-—-——1fr{ﬂ]‘]TH[}——<\ _—

bond interfaces. it can be seen that the best Z >
results are obtained when honding is done between re ‘{Hi””
similar metals. ﬂTHlﬁ_
1.0 — bond Resi Flgure 10
AR on esistance Al/Au
) ; vs.
. emperature CUNCLUS 10NS
Wire/Pad Tests have shown that units will operate reliably and

remain within 200°C speciiications in excess of

500 hours. Beyond 500 hours, some units will exhibi*
a slow shift in linearity and accuracy. This appears
to be caused by resistor aging and changes in the
characteristics of the CMOS switches in the D/A section.
Life tests have shown that most urits remain within
specification in excess of 1000 hours. Tests have
also shown that mcst catastrophic failures and units
with large shifts will show up in the first 24 hours
of operation at 200°C. To help assurc reliability, ali
units are tested, burned-in for 25 hours at 200°C, and
retested.

— A1l 200°C specifications are also cuaranteed at -55°C.
The MN5700 is aviilable with high reliability screening
according to MIL-STD-383 for Military/Aerospace
Applications.

r ] | ! ] T
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WIRELESS, IN-VESSEL NEU{PON MONITOR FOR
INITIAL CORE-LOADING OF AUVANCED BREEDER REACTORS™

J. T. De Loregzo
E. J. Kennedy™

T. V. Blalock**
J. M. Rochelle

M. M. Chiles
K. H. Valentine

Oak Ridge Naiional Laboratory
Oak Ridge, Tennessee 37839

Abstract

An experimental wireless, in-vessel neutron moni-
ror is being developed to measure the reactivity of an
advanced breeder reactor as the core is loaded for the
first time to preclude an accidental criticality inci-
dent. The environment is liquid sodium at a tempera-
ture of ~220°C, with negligible gamma or neutron
radiation. With ultrasonic transmission of neutron
data, no fundamental limitation has been observed after
tests at 230°C for >2000 h. The neutron sensitivity
was V1 count/s-nv, and “he potential data transmission
rate was 104 counts/s.

I. Irtroductior

An experimental in-vessel monitor was designed and
fabricated and is being further developed to ultrascn
ically transmit reactivity data from advanced breeder
reactors. Since such reactors have potzniially high
reactivity cores, their initial fuel-loading operation
will require careful surveillance as the core is loaded
to preciude an accidental criticality iucident.

An in-vessel neutron ...ector is preferred to an
ex-vessel detector because it is closer to the fuel
elements and is not shielded by blanket assemblics.
Thus, data from an in-vessel detector are rcceived at a
greater rate (up to 10%* counts/s for chis model) and
are more easily interpreted. Also, with an in-vessel
detector, the neutron source required to make the sub-
criticality measurements can be reduced in size and
possibly eliminated.

A wireless, completely remote in-vessel detecti:
can be located at any core position, giving much
greater versatility to the measurements. In addition,
the wireless detector does rot need expensive instru-
ment thimbles and does not inhibit the motion of tuel
handling equipment.

The in~vcssel environment for this initfal start-
up monitor is liquid sodium at a temperature of about
220°C. No existing neutron monitor has the wireles-
capability and adequate sensitivity for this applica-
tion. The experimental model described herein has been
successfully tested at 230°C for >2000 h.

IT. Wireless Neutron Monitor Concept

The current concept of the wireless neutron moni-
tor system is shr'm in rfig. 1. In the sodium-filled
reactor vessel (.6 m diam x 18 m high), the neutron
monitor is positioned in the reactor core region within
a dummy fuel element. The ultrasonic traasmitter is

*Rese;rch sponsored by > Division of Reactor
Research and Technology, U.S. Nepartment of Energy
under contract W~740°-eng-26 with tre Union Carbide
Corporation.

Ak
Department of Electrical Engi.cering, University
of Tennessee, Knoxville.
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Fig. 1. Concept of a wireless, initial core-

loading neutron monitor for an advanced breeder reactor.

mounted at the top end of the dummy element where it
can transmii signals along an unobstructed path thrc gh
the sodiun tv a re iver which is also immersed in the
sodium.

IT1I. Instrumentation

A diagram of the instrumentation .s shown in
Fig. 2. A fission counter senses ths neutrons, and the
resulting electrical pulses ~re processed by a pulse
amplifier nd a bandpass filter with single-pole upper
and lower cut-off frequencies (RC-CR fiiter). Elec~-
tronic noise and alpha pile-up noise are rejected by a
discriminator, ‘'the discriminator output pulses trigger
a driver circuit which excites a 2 M.z ceramic crystal
to creatr an ultrasonic burst for each nautron pulse
vxceeding the discriminator threshold level, The
primary electrical power, which will be devived from a
radioisot~pic t .ermoelectric generator, is .ransfor..
by a dc a. converter to positive and negative 10 V
levels to bias the fission counter and to drive the
active circuitry.

The totil quiescent powrr of the instrument-=*f-n
at a temperature of 230°C s 10.56 W with a dec~dc con-
verter efficiency of .. . [he ultrasoni. drever is

expected to require -1 w 2t an output pulse rate of
104 counts/s. Tbe pLome (7 unurce requirement is 8.0 V
at v1.6 W.

A. Fission Counter

A commcrcial £ .sion counter (Reuter-Stokes model
RSN-10A) with a 4-mm electrode spacing, .000-cm? of
sensictive ares, and a 300°C maximum operating tempera-
ture was selected for our u.e. These ' =tures were
required for our special application, 4 thr availabil-
ity of thr cour.ter eliminated a costly in-house fabri-
cation pr-graa., However, some special alterations!
were needed to ensure adequate performance (voltage
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Fig. 2. Block diagram of ihe instrumentation.

saturation, cullectiorn time, and ratic of fission pulse
amplitude to alpha pile-uyp) at a limited counter bias
of 10 V. These alterations included an electrode cvat-
ing of highly enriched_335U (99.6%) and a gas-‘illing
of Ar-0.0!1 Cuz at ~1072 Pa of absolute pressure.

8. Amplirier-Filter-Discriminator (AFD)

This module® processes signals from a fission
counter with an electron collectior time near 1.0 us.
The input ampiifier is vol.age seansitivc¢. To achieve
input bias scability at temperature, the input resistor
is 20 k. maximum. Thi: -~sistor value, coupled with
the 130 p¥ couater ca ce, determines the input
intesration time con=t ud a significant fraction
of the input noise »f the pulse amplifier.

Two uther gain stages, ewach with a voltage gain of
16 per stage, produce output pulses in the range of 1-
1-3 V amplitude. A bandwidth of 5 MHz per s.age is
more than adequate to wapli®y the voltage pulse devel-
oped at the input.

Capacitive coupling between stages ‘liminates dc
instabilitv prodblems. One coupling time- onscant
dete- nines the high-pass frequency of the filter; the
low-pass respanse is contrrlled by integration in the
Jutput stage.

A monostable muitivibrator-discriminator generates
a logic pulse of 5.6 V ampiitude and 5 us width for
each amplifier julse that exceeds its threshuld.

Fxcept for two diodes ari a I-M, thin-film
resistor chip in the discriminator, the entire circuit
is fabricated around four, dielect~-ically isolated, IC,
diiferential operational amplifiers, Harris tvpe
HA2625. One of these amplifiers with appropriate
positive feedback constitutes the monostable multivi-
brator~discrimirator cumbination,

C. Ultrasomic T-ansmitter

From an analysis of the system.3 a 2-MHz carri-r
f »quency with pulsed modulation was judged to be .w0st
p.wer efficient for the ultrasonic, data transmission
process. With an assmption that the receciver band-
width must be 200 kHz to obtain the maximum da rate,
4240 yW/m? of -eceived signal power is required to
yield a signal-tr- <:2 power ratio of >100. This
assumes an acou:i,. nuise power density of +10 dR
refer ‘nced to 10" ¢ W/md-Hz. To create a transmitted
beam having a cylindrical waverront with this intensity
at ~4 m, nearly 70 oW of pulse power is required to
allow for losses in the transmitter drive circuit, the
crystal transducer, and the liquid-sodium signal trans-
aission path.

30

The transducer will contain a PZT-5A ceramic
crystal similar to that used by the Hanford Engineering
Development Laboratory (HEDL)" in their under-sodium
viewing systems. It is attached to the transducer
face-plate with either a Pb-Sn-Ag solder alloy or a
high temperature epoxy. Both have been successfully
tested.

The transducer is driven by two VMUS tcansistors
in paraliel, with the power being obtained directly
from the primary power source. A 2.5-uF Teflon capaci-
tor is currently used as an energy storage elemeat to
reduce the rippie on the primary power source.

1he crystal impedance is integrated into a reso-
nant tank in the drain circuits of the VMOS transistors.
A step-up transformer wound on a high-temperature
forrite toroid reduces the amplitude of the voltage
pulses on the draia circuitry.

D. DC-DC Coi.certer

Tae de-de converterS is an astable muitivibrator
that drives an n-channei VMOS switch (two in parallel)
in a dual-coil switching regulator. A dielect-ically
isolated, IU, differential operational amplifier in
-onjunction with 2 6.9 \' zener diode (an emitter-to-
base junction of a Dionics DI3424 dielectrically iso-
lated transistor) senses the positive 10 V output
variations and adjusts the cff-tiue of the VMOs (on-
time is fixed). Integrition in the operational ampli-
fier determines the dominant polc of the forward loop.
The astable circuits comprise dual, dielectrically
isolated, pnp and npn transistors, Intersil IT137 anc
11727, respectively.

The coil is a high-permeability, silicon-steel
teroid with a Curie temperature of 730°C and is wouni
with 30 gaupe, Teflon-insulated copper wire. The
switchins, frequency is ~60 kHz, and 10-uF elactrolytic
capacitors reduce t’ - rippie to cceptab'e value
for a total load oi (2.5 mA fo. n positive and
negative 10 V output.

The internal, drain-substrate, p-n junction dicde
of n-channel VMOS transistors are used as rectifiers.
At 230°C, the forward drop is 0.3 V, with a leakage
current of <200 uA, and a reverse voltage of 60 V.

E. Frimarv Power Source

Because of its ruggedness and proved performance
in numerous space problems, a radioisotop®c generator
is being considered for the primary power source.
Plutonium as 235Pu203 is rk: °eat generator, and
silicon-germanium torms thk. tnermocouple junctions.
The liquid sodium serves as the "cold leg” of the
generator svstem. For an electrical power output
requirecent of ~1.5 W, a heat source of ~125 Weh is
considered adequate. Contracts are beirg nr_pared for
the procurement of this source.

IV. Hybrid Thick-Film Circuits

Fabrication Details

The AFD circuit and the dc¢-dc converter are fabri-
cated with thick-film technology on 51- by 51-mm (2- by
2-in.) and 32- hv 32-wm (1.25- by 1.25-in.), 96%
aiumina substrates, respectively. Figure< 3 and 4 are
photographs of these two thick-film circuits. The ..FD
circuit (Fig. 3) was operated at temperatures near
230°C for nearly 2300 h. The metallization is gold
(Du Pont 9910). The thick-film resistors are screened

e,



Fig. 3. Photograph of thz auplifier-filter-
discriminator hybrid thick-film circuit (after 2800 h
at ~230°C).

Fig. 4.
thick-film circuit.

Photograph of the dc-dc cunverter hybrid

from the Du Pont 1600 Birox series. All semiconductor
chips are attached with a silver-filled epoxy (Ablestik
71-1) for electrical attachment tc the substrate or
with an insulating epoxy (Ablestics 71-2) for isolacion.
Electric.l connections between chip and substrate meral-
lizations are wade with 25-.s-diam (1.0 mil) aluminum
=0.5% magiesium wire by altvasenic bonding. AlL bond:
te the 3old metallizotion ave mechanicaily reinforced
with an epoxy, either ,hlest:k 71-1 or Epo-tek F-77.
Cerac.ic covers and a protective semiconductor roating
(Dow-Coraing R6100) are both used to pro.ect areas of
the circuit centaining the active elements.
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The capacitors contained in these two circul%s are
monolithic, ceramic capacitor chips with 50- to 100-V
ratings. The bypass and decounling capacitors were
formed from a high-dielectric-constant material (X7R),
but filter and compensation capacitors were formed from
a more stable, low-dielectric material (NP0O). A gold-
germanium alloy solder (360°C mp) was used to make
electrical connections to the capacitor chips and to
the external wires of the substrate using a reflow
technique. Later, a parallel-gap welder was obtained
to make the external connections with a 25- by 500-um
(0.001- by 0.020-in.) nickel ribbon.

V. Description of the Experimental Monitur

The experimental monitor is shown in Fig. 5. Its
construction does not represent the construction that
would be used in the prototvpical monitor. Imstead, it
was designed to rfacilitate data taking and to accommo-
date modifications and improvements as thev became
apparent during the testing program. From left to
right in the figure is the fission cuunter wrapped in
an electrically insulating Teflon jacketr to protect the
shell of the counter, which is maiatained at a negative
10 V biasing potential, fcllowed by the AFD module, the
dc-dc converter, and the transformer for the ultiasenic
transmitter. At the extreme right is anm oil-filled
test chamber with a transmitter and receiver crystal at
opposite ends. The ent.re system is mounted on a high-
temperature, prinied circuit hoard ‘Du Pont Pyralin)
with a small number of discrete resistors (".addock) and
ceramic capacitors (San Fernando Electric). The resis-
tors, capacitors, and the hvbrid thick-film modules
were attached with 90 lead-10% tin solder. A test
pulse, dc and pulse monitor pcints, oil drain and fill
tubes. and thermocouples are all brought out of a
flanged end of the assembly. The entire assembly, ~1.0
m (40 in.) long, is installed in a cvlindrical enclo-
sure, giving a pressure tight containment for an inert
cover gas.

3

VI. Test Results and Discussion

The results of the temperature tests cf the exper-
imental monitor are summarized in Table 1. The per-
formance of the solid-aluminum electrolvtic capacitors
was poor, a result not expected based or previov. work
in high temperature clectronics®*’ and on preliminary
tests. Preliminary tests were made in air up to 275°C
for nundreds of hours, showing only a slight degrada-
tion of performance. The caus= of -he capacitor fail-
ures s believed to be outgassing from oil that leaked
out of the ultrasonic test chamber. The vil inicially
used in tihe tests possessed inadequat: high-temperature
properties. Also, the high porosity of the printed
circuit board material orevented an adeq ..e clean up
of the rest assembly.

Two failures of aluminum wire bonds at the gold
metallization of the de-de converter were the first
experienced after nearly 300 successful bornds on other
hybrid circuits. This failure rate is not considered
excessive at this tie, and no changes in our bonding

zedures are plannecd

Integral bias response: obtained for two measure-
ments at +23u°C and covering 1 tim. span of nearly 1600
h show only slight differences. Projection of the 1.0
count/s nvise curve thre:hold to the neutrom curve
shows an ~75% counting efficiuncy for rhe monitor.




- R T
g J— T e -
- :?”. ade Ty

Fig. 5. Pliotograph f the experimental wireless, initial core-loading neu’ -on monitor (externally powered).

Table 1. umary of performc «.e of
neutron monitor components

Ccmponent Hours at 234°C Performance
Fission counter 2500 More than
adequate
AFD module 2800 Adequate”
DC-GL converter 384 Adequatec
Ultrasonic More than,
transmitter 2200 adequate™
Solid-aluminum : Not .
electrolytics i76” adequate”

Printed circuit

board, with dis-

crete resistoers

and ceramic More than
capacitors 2800 adequate

“Some drif* in pulse gain (or amplitude orf test
signal) not swen in prior 2100-h tests at 250°C.

“Maximum time to failure.

“Failures caused by two faulty wire bonds at
substrate metallization.

“poes not include a gated oscillator.

eCapacitor failure from catgassing effects.

VII. Problem Areas

The failure of the solid-aluminum electrolytics
must be resolved. Although the prototypical neutron
monitor wi1ll not contain an oil source, the apparent
sensitivity of rhese capacitors to outgassing must be
determined.

Presertly, we are working on a design for a
gated, 2-MHz oscillator that will piovide the input
drive signal for the transmi.ter. Tests are still to
be made on the cylindrical ultrasonic beam generator.
The concept for this ultrasonic beam generator is shown
in Fig. 6.

VIIJ. Conclusions

Temperatu- .:sts on an experimental assembly of
an initial-cor. ' .ading 1eutron monitor show no unre-
solvable problems. Failire of solid-aluminum electro-
lytics becarse of off-gassing indicates a need for a
vapor-free environment for these devices. Bond failure
on the dc-dc converter substantiiates the need for
pretesting of all hybrid thick-film modules.
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Fig. 6. Conceptual sketch of the cvlindrical
ultrasonic beam generator.
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SOLID STATE M1CROELECTRONICS TOLERANT
TO RADIATION AND HIGH TEMPERATURE

Bruce L. Draper and David W. Palmer
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Albugquerque, New

Abstract

The nuclear and space industries require
electronics with higher tolerance to radiation
than that currently avcilable. The recently
developed 300°C electronics technology based
on JPET thick film hybrxds was tested up to
10° rad gamma (Si) and 10'* neutrons/cm®.
Circuits and indiviiual components from this
technology all survivad this total dose
although some devices requxred 1 hour of
annealing at 200 or 300°C to regain function-
ality. This technoulogy used with real time
annealin? snould function to levels greater
thar 10'? rad gamma and 10'® n/cm?.

Introduction

The need for high temperature electronics
in aany fields has be:n amply defined in the
past. Recent events suggest an urgently

needed technology extension: temperature and
radiation hardened microelectronics. The
salient applications are nuclear rsactor
instrumentation and space probes. In particu-
lar, instrumentation within he containment
structure of a nuclear power plant must be
capable of wlthstandxng a peak of 200°C and a
total of 2 x 10® rad gamma dose during a
40-year plant lifetime followed by a ioss of
coolant accident. Additional temperatuze

and radiation resistance is needed for monitors
placed within the reactor vessel over the
llfetlme of the power planL. 325 C with

5 x 10° rad gamma and 10 *n/cm? near the vessel
top and 350°C with 10'° rad gamma and 10"n/cm
closer to the fuel assembly. Intense racia-
tion belts near Jupiter and the Sun demand
enhanced radiation tolerant electronics in
certain extended space missions. Although
critically ,dependent on orbit parameters, a
dose of 10" rad over one year may be absorbed
by a Jupiter satellite. Radiation levels
elsewhere within the solar system and inter-
stellar space are expected to be relatively
low; however, the accumulated dose fcr long
missions can easily exceed existing electronic
tolerances.

Tvpical tolerances for present electronics
are 2 x 10* rad gamma and 10'2n/cm® for
commercial hxbrxds and ICs, and 10° rad gamma
and 10'*n/cm* for specially fabricated or
selected rad hard devices (Harris, for
example) . The numbers in Table I are somewhat
arbitrary since diffecent degrees of device
parameter degradation are possible in
different circuits.

Most radiation tes“s on electronics to
date have been motivated by nuclear weapon
applications. These tests therz2fore predomin-
antly involve pulses of fast neutrons and X-
rays, with a gamma dose that is only incidental
to the neutror presence and usually less than
10* rad. Therefore, tests involving large
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gamma dose alone have not been common. Also
because of the weapon orientation of most
radiation-electronics tests, the interaction
of operational temperature and sustained
irradiation was rot investigated. The recent
developmeat of circuitry operational to 300°C
opens the possibility of real time annealing
at high radiation levels.

Table I
Gamma Neutrons Temp.
(rad Si) (cm=12) (°c)
Consumer 2x10* 1012 85°%C
Military
Hardest 10°¢ 10" 125°C
Thick Film/
JFET ~10° >1013 >300°C

The components and hybrid circuits chosen
for this initial investigation were from
Sandia's high temperature circuitr. develop-
ment. There are two basic ideas Lehind this
choice: first, to maximize thz rate of
annealing the op~rational teinperature must be
as high as possible, and secondly, several
ma2in failure modes are initiated both by
elevated temperaturc and radiation (ion mobil-
ization, lattice and chemical reactions).

We will discuss both gamma and neutron
tests. Each section will briefly describe the
radiatior facility and the effects on passive
components, active components, and hybrid
microcircuits.

Gamma Tests

Two facilities for gamma irradiation were
used. Both used Cobalt 60 (1.17 and 1l.33MeV
photons) with dose rates of 1.7 and 4.3Mrad
(Si)/hr. respectively. Both sources generated
enough heat to raise the sample temperature
by about 15°C. Interactions between gamma
photons and a steel liner between the weaker
sorrce and the sample chamber createi some
Compton electrons which also had measurable
effeczs on the devices.

Passive

Passive compor.ents were tested in the
weaker source with no biasing during irradia-
tion. At S roints during exposure, the samples
were removed, tested, and re’ .rned for more
radiation. The componencts were exposed for a
total of 800 hours or 1.36 x 10 rad gamma
(si).



Thick film resistcors in the 500 and 900
series of Cermalloy and axiai lead units from
Caddock were found to change less than 0.1%
during this exposure. This constancy was
somewhat surprising dye to positive drifts
seen in earlier tests’ and attributed to
Compton electron bombardment.

The high temperature capacitors tested
were: Philips solid aluminum electrolyte,
K&D Mica, Erie red cap, and several thick
film dielectrics (TFS 1005, ESL 4515, ESL
4301, Cermalloy 905HT). Most capacitor
systems tested remained functional throughout
the test (ESL excepted) but all showed some
change in capacitance and degradation in
dissipation factor and insulation resistance
(Figures 1 and 2). The best performers were
the discrete mica and the 500°C thick film
fcrmulation 9015HT. The ESL thick film
dielectric systems that showed considerable
change and instability due to exposu e were
returned to near pretest parameters by a 1l
hour bake at 300°C. cCapacitance and dissipa-
tion factor were measured at 0.12, 1, and
10KHz. Insulation resistance was measured at
10 volts, with the reading being taken 15
seconds after voltage application.
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To test the effects of gamma radiation on
P-n junctions at various temperatures, 24

Ciodes were exposed at a dose rate of 4.3Mrad/

hr. (Si) for 23 hours, yielding a total dose
of ~1 x 10* rad (Si). The diodes were grouped
int> 3 modules, each containing 2 gallium
phosphide, 2 gallium arsenide, 2 low minority
carrier lifetime (gold doped) silicon, and 2
high lifetime silicon diodes. The thick film
hybrid modules were then heated to 50, 175,
and 300°C respectively. During most of the
test one of each type of diode at each
temperature was AC biased. Each diode was
monitored periodically for reverse leakage
current, forward resistance, reverse break-
down voltage and sharpness of reverse
breakdown.

In general radiation effects were minimal.
Measured ghotocurrents were negligible
(<l6uA/cm?®) for all devics. AC biasing had
no measurable effect on diode performance over
the span of the test. Low lifetime diodes
(GaAs, GaP, and gold doped Si) displayed
little or no change in characteristics over
the 23 hour test; rowever, the high lifetime
silicon diode reverse leakage current
increased apprecicbly. This effect was,
presumably, caused by Adegradation of minority
carrier litetime (increase in generation rate)
due to lattice imperfections created by gamma/
silicon interactions. A control group of
identical high lifetime silicon diodes aged
for 24 hours at 300°C without radiation was
found not to show this increase in leakage
current, indicating that the effect was not
caused by junction poiscning due to unwanted
diffusion at elevated temperature."

In another experiment, several types of
n-channel silicon JFETs (Motorola 2N4220 and
2N4391 serics) were exposed at room temper-
ature to a gamma dose rate of ~1.7Mrad/hr.

{Si) up to 1.36 x 10® rad (Si) total dose.

The transconductance and Ipss vs. accumulated
dose for a typical transistor are plotted in
Figure 3. Cutoff voltage, Vggs off., remained
essentially constant for all transistors
during the test, indicating that carrier
removal effects werc minimal. However, trans-
conductance (and Ipgg) decreased monotonicalliy
for all devices, an effect most iikely due to
a reduction of carrier mobility in the channel.
Both gamma photons and Compton electrons could
have created the lattice damage necessary for
this phenomenon to occur.
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Because of the layout of the gamma test
facility used in this JFET experiment, it was
impossible to study the simultaneous effects
of radiation and elevated temperature.
Instead, the devices werz >nnealed for 5
minutes at 200°C after a totai dcse of
1.36 x 10° rad was reached. Ac Figure 3
shows, 100% recovery was obtained with respect
to gm and Ipss. This indicates that extremely
high total doses (>10'? rad) may be tolerated
by JFETs if accompanied by moderate heating,
as expected in a loss of coolant accident.

It should be noted that devices held below
30°C for several weeks after irradiation
showed no annealing.

Hybrid

Tests were also performed on a simple
hybrid microcircuit containing & JFETs and
3 thick film 500-series Cermalloy resistors.
Circuit performance did not change throughout
the test (1.36 x 10° rad total). The same
technology used for this circuit is employed
in the complete line of Sandia's geothermal
high temperature instrumentation, including
voitage regulators, V/F converters, pulse
stretchers, and multiplexers.®

Neutrons

The neutron tests have not been concluded
as of this writing. A pulced reactor with a
fast neutron product was used. The pulse is
about 70usec lung and exposes the samples to
approximately 3 x 10'*n/cm? during each pulse.
This source alsc produces sample irradiation
of 6 x 10* rad gamma for each 10‘*n/cm’.

Passive

Initial exposures of 7 x 10'*n/cm? were
used in order to incuce only a small change in
passive component parameters. As in the case
of gamma tests, the resistors remained stable.
This is in agreement with previously reported
investigations.? Although several capacitors
showed slight changes in dissi:.ation factor
due to this neutron flux, thev were all
circuit functional. The extreme tolerance of
these components suggested an on?oing test
series which will reach 10!’n/cm®. As with
gamma tests the source time and cost may
eventually necessitate extrapolation to higher
expo ures.

Ac*ive

To study the
tion and thermal

effects of neutron irradia-
annealing on diode reverse
leakage current, severcl silicon diodes (all
TRW SAi813) were exposed +o 10'*n/cm’. The
results of thermal annealing runs on one
particular (but typical) diode are shown in
Figure 4. Unfortunately, pre-irradiation
data was not available for these early tests,
but measurements made on a non-irradiated
control group yielded 25°C leakage currents
ranging from 5.5 to llnA at -1( volts, with
most values in the 6 to 8nA range. As can be
seen, recovery of the reverse characteristics
is .nitially rapid but not complete. Similar
effects were noted for JFETs. The higher
temperatures within the reactor vessel (the
only anticipated application where significant
neutron {luences would be enconntered) may
imorove annealing.
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Thermal Annealing Behavior

. An interesting and, as yet, unexplained
phenomenon was Jdiscovered in another phase of
this experiment. While attempting to anneal
the neutron damage by injecting forward
current across the p-n junction, it was found
that short applications (vl minute or less)
actually caused an increase in reverse leakage
current. This increase c¢coulu, in turn, be
annealed by subsequent heat treatment. Non-
irradiated parts did not exhibit this effect,
and currents applied for much longer times
initiated thermal annealing. While the exact
mechanism behind this behavior is nct certain,
it 1s thought that charge trapping in gamma
induced states in the pasrivation layer near
the edge of the junction may play an important
role. (As mentioned previously, the neutron
facility also has a significant gamma output.)
If this is the case, a similar effect should
be . ~*ed nn gamma irradiated devices. This
experiment is still in the planning stage.

Neutron effects on JFETs used extensively
in Sandia's high temperature circuits
(Motorola 2N4220 and 2N4391 series) were
examined in another set of exgperiments in
which the devices were i-radiated to a level
of 7 ¥ 10'*n/cm?®. As can be seen in Table II
drastic changes occurred in transistor
characteristics. In most cases the magnitude
of Vgs,off increased markedly (average “8%),
indicating carrier removal effects were
occuring. Transconductance and Ipgs decreased
by more than an order of magnitude. Partial
annealing was obtained after 1.5 minutes at
200°%c, with on1¥ slightly greater annealing
effected at 300°C. The relatively slow
recovery confirms the fact that, unlike
thz simple defects created Ly y photons and
Compton electrons, neutron damage is addii-
tionally composed of more stable cluster
defects. It is interesting to note that, at
each temperature used in the annealing
experiments, recovery was extremely slow after
2 minutes; even when the device was held at
temperature for periods of up to an hour, ro
fuither improvement was evident. An increase
in temperature was required to effect further
anneal.ng. While operation at high
temperature may provide the simultaneous
annealing necessary for operation in aigh
neutron fluence environments, it is doubhtful
that JFET operation will curvive levels much
above 10'°n/cm?.
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probes may demand the CMOS techaology which

Table II 3
_— is now used for similar reasons in weapons.
v U {men) 1, . (mA)
gs, off @V +-0.2 dss
gs Analysis by other researchers
has indicated that CMCS should not necessarily
PRE TEST L.15 2.00 1.160 be discarded for use in extremely high
14 2 radiation environments, as long as elevated
7X10° " n/cm 1.24 0.20 0.073 temperature provides some annealing of the
trapped charge in the oxide.®’? Detailed
ANNEAL: (1.36) 0.80 0.360 experimznts along these lines are planned for
1.5 min@20C°C the near future. Although the CMOS technology
ANNEAL: has not been addressed in this report nor
i 1.15 0.84 0.362 extensively tested at these high radiation
11.5 min@200°C levels, it is important to note *hat at least
ANNEAL: two solid state microelectronics options exist
y : which have capability to the highest radiation
11.5 mln@200°C 1.13 1.08 0.439 levels expected for nuclear reactor and spacr
+10 min @300°C needs.
ANNEAL:
11.5 min@200°C 1.14 1.04 0.488 . Acknowledyements
+80 min@300°C The authors would like to thank Jack

LaFleur and Mike Garner for supplying many of
the devices used in these tests, John McBrayer
for enlightening discussions, and Barbara
Macias for her last minuze typing of the manu-
script.

Motorola 2N4220 JFET Parameters

Hybrid

The same hybrid circuit which saw 1.3 x 10°
rad gamma was exposed to 7 x 10!“*n/cm?. After
a 5 minute. 200°C post exposure anneal the
circuit fiactioned normally.

Summary
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Summary

The General Electric Company has been ipvolved
in developing Integrated Injection Logic (2L 1
tech ology for reliable operation under a -559C to
+300vC, temperature range. Experimental measure-
ments indicate that an 80 mv signal swing is aviilable
at 300°C with 100 A injection current per gate. In
addition, modeimng re sults predict how large gate
fan-ins can decrease the maximum thermal ~pera-
tional limits. These operational limits and the long-
term reliability factors associated with device metal-
lizations are b:ing evaluated via specialized test
mask.

The correct functional operation of large scale
integrated circuits ir a -559C to +300°C temperature
environment for long periods of time will provide
substantial immediate benefits for digital jet aircraft
engine control and geothermal or deep fossil-fuel
well logging. Most ~ommercially available LSI tech-
nologies; are inoperable or suffer long-term instabil-
ities wader these conditions .

Introduction

There is no inherent reason why silicon birolar
devices will not cperate at +300°C for extendeu
periods of time, provided the circuit has been prop-
erly designed to tolerate leakage currents in that en-
vironment., A calculation using extrapolated diffusion
coefficients for alvminum in silicon (the worst-case
dopant) at 500°C indicates that p-a junctions would
not move appreciably in 1700 years. However, other
contaminants such as gold : copper not commonly
desired in unlimited quant:ties have difiusion coeffi-
cients at least ten orders of magnitude higher. In
addition, the metal interconnection system on the
chip’s surface must provide good ohmic comact and
resist the effects of electrom’r ation. This paper
will report on the effort at: - ral Electric to devel-
op reliable high-temperatu .ecrated circuits.
That work has been and is {.. sed on both the design
of silicon hipolar devices and thc metallization sys-
em.

SILICON lzL -DEVICE DESIGN CONSIDERATIONS

The aperatical limits of I°r. Zates at high tem-
peratures may be Cescribed by 2 variety of methods.
Measurements of r'ag-oscillator propagation delays
as a function of current and temperature provide a
direct indication of the operating regions with unity
fan-in but do not provide any informatioa on noise
margins.

A second method of determiring I2L operating
limits enables ar evaluation of the noise margin and
signal swing. Two I2L gates are connected in series
with the first connected to a switch to provide a zero

or one input (see Figure 1). Voltage measurements
ot the point between the gates are Vgg of the second
gate's NPN transistor, with a zero input by the switch
and VgaT on the first gate collector with a one input.
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Figure 1. Measurement Method for Determining lzL
Voltage Swing.

Figure 2 plots the measured base-emitter for-
wa.d-biased voltage drop for a gate input and the NPN
collector saturation voltages for a gate output as a
function of temperature. During operation, the PNP
injection forward biases the NPN base -emitter junc-
tion and, with the collector conducting, a low (zero)
logic level is supplied to the following stage. The
collector sinks injection current intended for the fol-
Jawing stage, bringing its input voltage down to the
VsAT level of the collector. This turns off the fol-
iowi;lg stage, producing a high (one) output-logic
evel.
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Figure 2. Measured NPN Base Emitter Voltage and
Collector Saturation Voltage versus
Temperature



The effect of the vollage-swing margin may be
observed from the data presented in Figurs 2. The
VBE for 100 ;A injection current is about 550 mV at
about 125°C and steadily decreases with rising tem-
peratures to about 200 mV at +300°C. The Vga for
a 100 p A injection increases to a 120 mV level at
this same temperature, resulting in a voltage noise
margii of 80 millivolts. The voltage noise margin
may be obtained for th.e complete operating region
from the difference between the voitages at similar
injection currente,

Figure 2 indicates that signal amplitude and
noise margin can be improved by incrcasing the in-
jection-current density.

A third method of determining I2L thermal op-
erating regions is provided by the digital effective
gain, which may be measured or calculated by com-
puter modeling techniques. The effective gain is
defined as

_ collector current sinking capability
~ base current removed from gate input

Be[[ (1.
I2L logic signals will propagate as long as the digital
effective gain is greater than one. The mechanism by
which the effective digital gain decreases at high tem-
peratures is through collector leakag>. The total
leakage currents in all the OR-tied collectors (fan-
in) connected to a gate input rob that gate of :-ome
fraction of its injected base current and thus its
collector-current sinking capability. This phenom-
enon is observed in Figure 3. As the fan-in is in-
creased, the total collector leakage removes an
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Figure 3. Modeled Temperature and Gate Fanin
Influences on Effective Digital Gain
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appreciable fraction of the injecte: ' se current in
the I2L gate at lower temperature-. The effective
gain is forced to less than one. Tiis also imposes a
design rule on the gate fan-in for o given gate to per-
form correct logical operations at some specified
temperature and injection current.

HIGH TEMPERATURE METALLIZATION

The production of a stable, highly-reliable metal -
lization system is equal in importance to the silicon
gate design in the production of high-temperature LSI.
The metal system chosen for the high-temperature
applications is platinum silicide/titanium -tungsten/
gold.

Platinum silicide forms stable ohmic contacts to
silicon, and gold was chosen for its ability to inter-
face easily the chip to the outside world. Howe r,
unlimited gold diffusing into the silicon would seri-
ously affect device performance, and sili- .a diffusing
into the gold metallization can produce reliability
problems due to the creation of voids. As a result,

a thin titanium -tungsten barrier metal system is em-
ployed to separate those materials.

Verification of high reliability metallizations and
silicon devices require accelerated aging to com-
press time scales to reasonable durations. Since
most failure mechanisms in integrated circuits are
temperature dependent, an activation energy may be
obtained for the dominant failure modes., A reaction
rate or failure rate may then be predicted at various
other temperatures by the Arrhenius equation:

R = Ae E/AT (2).
However, activation energies determined from high-
temperature testing .nay be invalid if a phase change
has occurred. This is 2 problem that provides con-
siderable complications in producing high reliability
circuits for 3009C operation; these circuits must be
accelerated-life tested at temperatures above 350°C .

An independent test mask was designed for metal-
lization evaluations. The mask consists of a repeti-
tion of the 190 x 186 mil master cell shown in Figure
4. The master cell is divided by scribe lanes into
four separable chip types. Each chip, therefore,
tas an area of 95 x 93 mils. Within each chip are
two different test element cells. Cells A1, A2, A3,
A4, Bl, B2, and B3 gre metallization test elements,
The final cell is an I“L active test circuit.

The metallization test cells vere designed to in-
vestigate the electromigration effect on the thin mnetal
layer as a function uf the metal linewidth and metal
line sr -ing at elevated temperature. The electro-
migra on effect could eventually cause metal -line
runoff and resulting open circuits and short circuits
between separated metal lines. The metal test ele-
ments were designed with a four-point probe capabil-
ity to enable precise measurements to be made in
order to detect effects of electromigration long before
catastrophic failure.

The test elements were also designed in a man-
ner that enables ohmic contact resistance to be accu-
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iately measured from external package leads, series
resistance to be accurately measured v-hile arbitrary
current levels are passed through a metal thin-film
conductor element, arbitrary voltage levels to be
applied between adjacent metallization runs using ex-
ternal package leads, 12L logic-gate digital gain to be
measured from external package leads, and I2L
propagation delay to be externally measured using
seven-stage ring oscillators. In addition, various
gate sizes and styles were used in the ring oscillators
to provide a convenient method of comparing the ef -
fects of different current densities.

Figure 5 shows a plot of a typical metallizatign
test pattern. To cover the range of the current I°L
fabrication process, four different minimum dimen-
sions were chosen: 0.2, 0.25, 0.3, and 0.4 mil.

The metal stripe spacing was matched to the metal
stripe width in each test element. The metallization
test elements also investigate the effect of contact-
hole size on the ohmic contact resistance for each type
of doped region.

Figure 5. Plot of the Mask Pattern for a Typical
Metallization Test Element
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On each metallization test cell (from Al to BY),
the top and bottom four pads were used for ohmic con-
tact studies. For reliability studies of the electro-
migration effect at elevated temperature, each of the
two electroraigration test vehicles contains three
parallel metal stripes that are greater than 10 mils
in length. The stress pull test on wire bonding can
be done on the 8 mil x 8 mil enlarged metal pad near
the center of the test chip.

Steps in the surface contour of a monolithic cir-
cuit arr known to degrade the useful resolution ca-
pability of any ¢iven metallization system as well as
to increase electromigration effects. To reveal pos-
sible prcblems, various combinations of these steps
were intentionally designed into the metal test ele-
ments. Thus, seven test-element cells are devoted
to the evaluation of conductor line -width, spacing,
and ohmic contact resistance. Table I summarizes
the permutations provided on the metal test cells.

TABLE I. METAL TEST CELL FEATURES

Cell Features
Cell Oxide Contact Opening, Contact
Designatian Feature Line Width, and Test
Under Four- Line Spacing
Probe {mils)
Electro-
Migration Line
Al [ 0.25 P
p 0.3 P
A2 n 0.25 n
[} 0.3 [
Al pn 0.25 np
- 0.25 Schottky
Ad pn 0.3 np
- 0.3 Schottky
Bi pn 0.4 np
- 0.4 Schottky
B2 P 0.4 p
n 0.4 n
B3 n 0.2 np
- 0.2 ]

Figure 6 shows a comparative photograph of the
B3 metal test configuration along with the I2L test
cell. The test cell's purpose is to evaluate I2L active
circuits with the barrier metallization system. The
I2L, circuits' test cell consists of the following com -
ponents: a rectangular symmetrical gate cell and a
slanted, symmetrical gate cell 3, each cell containing
a dual output logic gate and a quad output logic gate;
seven-stage ring oscillators using these basic gates;
and a reduced geometry rectangular symmetrical gate
seven-stage ring oscillator.

INITIAL EVALUATION RESULTS

Accelerated life tests are baing carried out on
the integrated-injection-logic ring oscillators. The
oscillators were powered at 100 microamperes per
gate during stress tests at 340°C. Out of 23 initial
samples, one failure occurred at 24 houvs, leaving
22 active devices. Of these remaining device: 6
L~ve been under test for 580 hours, while the .e-
maining 16 have been stressed for 247 hours. None
of the: - has degraded.



Photograph of the B3 Metallization Test

Figure 6.
Element and the Active I2L. Circuits

CONCLUSIONS

Integrated Injection Logic is a viable approach
for large-scale integrated circuits that will tolerate
300°C. Silicon I%L gate designs have been shown to
be operable at these temperatures. In addition, a
high-temperature barrier-metallization system has
been chosen and an evaluation mask designed. Initial
stress test results are encouraging, even though the
metallization system has not been optimized.
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Introduction

The theory on which silicon (Si) metal
cxide semiconductors (MOS) technology is
founded states that this type semiconductor
will perform adequately at 300°C. High
temperature tests conducted on commercially
available MOS field effect transistors (FET)
have confirmed this hypothesis.!™® 1In this
report, we present the results of an inves-
tigation into the possibility of using CMOS
technclogy at Sandia National Laboratories
(SNLA) for higa temperature electronics. A
CMOS test chip (TC) was specifically develcped
as the test bed. This test chip incorporates
CMOS transiscors that have no gate protection
diodes; tl ‘se diodes are the major cause of
leakage in commercial devices.

We decided to use CMOS technology because
both n- and p-channel devices could be eval-
uated. We also looked at small-scale inte-
tration, e.g., an inverter using CM".3 junction
isolation and a simulation of dielectric
1solation.

Theory and actual data have been compared
before.?® 1In this paper we intend to repo.t
on the aging and stability of CMOS devices;
especially where requirements call for minimal
drift when subjected to 300°C for 1000 hours.
This drift must be less than that in devices
taken from room temperature to 300°C.

Physics

From semiconductor physics, the following
generalization can be made:

e As temperature jncreases, the
Fermi level moves toward the middle
of the band gap, causing the built-
in potential to decrease, thereby
decreasing the threshold voltage.

¢ As temperature increases, the band
g1p narrows, causing a minor increase
in the intrinsic carrier concen-
tration, (ni).

e Carrier mobility decreases with
increasing temperature, causing
transconductanre to decrease.

¢ Increasing temperature increases
leakage of generated and diffused
currents.

¢ The mnre the doping, the greater
the variation in threshold voltage
as temperature increases.

» The zero temperature coefficient
point occurs at higher gate
voltages as the doping is increased.

101

« The overall transconductance decreases
rapidly as temperature and doping
increases.

With these generalizations in mind, we made
the process variation listed in Table 1.

Table 1

Wafer Substrate P-well

Boron A0 keV 7K10‘3

1 .8 -1." -cm n-type
~sx101% em? dg 3 ax10'8ca3
5 .8 -1.,2+cm n-type Boron 60 keV 2x10H
~sx10'%n™3 Ny = 4x10'Tem”
? .2 ~.4n-cm n-type Boron 60 keV 1xm14
~2x101%en™3 Ng 3 2x10 7en”?
9 2 -, dn-cm n-type Boron 60 keV 2x10”

-1
[R5

~2x106¢n73 N, T ix10

s

These variations are adjustments of the
various doping levels that compose the MOSFETs,
and they require many trade-offs in electrical
performance, making optimization difficult
(Tables 2 and 3). Table 2 shows that,

although wafer 1 produces symmetrical gat:
voltaces, leakage and transconductance v -y
greatly between the two channels. Wafe 9
performs well in leakage and voltage but not
in transconductarce.

All wafers except .0.
predicted by theory. The anomaly of wafe: 5
remains unexplained. The tables show the
average values derived after subjecting the
wafers to 300°C for 1000 hours. Threshold
voltages for the surviving devices are within
$0.1V of those listed in Tables 2 and 3;
leakages are within t5pA of those listed in
Table 2, and 25uA of those in Table 3.
According to theory, the following pattern
should appear.

5 performed as

For wafers 1 and 5, p-channel data
be similar.

should

For wafers 7 and 9, p~channel data should
be similar.

For wafers 5 and 7, n~-channel data should
be similar.



Table 2

TC-1 Process Comparison at 300°C

Average Leakage Average Gate Voltage (Vg) @ 10uA  Average Transconductance

(1A) (mnhos )
Wafer n-Channel p-Channel n-Channel  p-Channel n-Channel »-Channel
1 12.41 18.85 1.45 -1.45 0.45 0.24
5 21.44 25.86 2.72 -1.26 0.22 0.26
7 3.90 6.15 1.60 =-2.41 0.34 0.21
9 4.43 6.07 2.56 =2.50 0.10 0.14
Table 3

Average Leakage Average Vg @ 100 paA Average Gm (mmhos)

n-Channel p-Channel n-Channel n-Channel p-Channel p-Channel n-Channel n-Channel p-Channel p-Channel

(A)
Wafer
1 280 460 1.54 1.55 -
5 88 163 3.u8 3.08
7 107 139 1.77 1.78
9 88 139 2.77 2.69

-1.18

-2.12

-2.02

.79 - .78 1.10 1.07 1.82 .75
-1.21 0.61 0.61 1.79 1.79
-2.14 1.07 0.99 1.27 1.27
-2.22 0.66 0.68 1.16 1.14

TC-4 Proce~s Comparison at 300°C

The tables show that, except for wafer 5, the
theory and the actual data generally agree.

The guard-ring, junction isolated CMOS
process is quite clean and uses Qgs, Nst
reduction techniques and other schemes to
reduce oxide contamination.®”!! For example,
by annealing with N2 we decrease Qss, and by
annealing with Hp we decrease Ngt. Careful
and clean processing decreases sodium and

To determine gate voltage, each transistor
was measured separa’ely. The source and sub-
strate were connected to ground, and the drain
was ronnected to an 8-V source. The voltage
on the gate was slowly increased until 10uA
was measured between source and drain; this
voltage was recorded. The .10uA value includes
the reverse lrakage current from drain to
substrate but not from p-well to n-substrate.
In all data obtained, 10uA was not exceeded in

potassium contamination. The circuits were
metallized with standard aluminum lum thick,
and standard p-glass passivation was used over
the metal. The components were packaged in

a ceramic, l6-pin flat pack.

the gate vcltages neasured for TC-1 (10uA) or
for TC-4 (100uA). See Table 3.

Leakage Current

The leakage currents discussed are drain-
to-source channel leakage, drain-to-substrate
reverse bias leakage, and p-well to n-substrate
leakage. They were measured w.th the tran-
sistors connected as a CM2S inverter. With
one transistor biased strongl:y on, we then
parameters tested, as an indication of measured the current thai .ue «ther transistor
stability, we will discuss data for gate allowed to pass while it is turned off (Figure
voltage at 10pA (TC-1) and 100pA (TC-4), and 1). Thuz, we have a worst case measurement
leakage currents. for leakage. In all cases, leakac~ was small

enouyh (I, < Igg) to allow the semiconductor
to remain useful in actuzl circuits.

Stability
Although we will not discuss all the
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In all cases, we determined that the n- and
p~-chanrel devices were reasonably stable and
functional except for wafer 5 which remains
an unexplained anomaly.

Wafer 92 demonstrated good stability, low
leakage, and a reasonable Vg at 10pA on both
the n- and p-channel devices. TC-4 data
supports chis finding but has an order of
magnitude increase in lea:age hecause of 1its
larger size.

Invertec:s

Date from transistors cconnected s
inverters, show that they will perfu:m as a
small-scale integratad ci-ccuait (SSIC) at t gh
temp%ratures for extended periods of t.me
(300 C for 1000 hours).

VNI, and VNH

In this test, we measurad the output
vcltage with the 'nputs at 1.5\ (Vyp) and 3.5V
(VNH) obtaining functionality and noise argtin
parameters.

IpN and Ipp

With these cests we determined the drive
current capability of the n- and p-channel
devices when hooked together as an inverter,.

Results

The data for invert :rs show that all
processes were functionai at 300°C after 1000
hou_s. 1In all cases, drive currents decreasead
with increusing temperatures as theorized;
current is lost to grovnd through several
leakage paths (f'igure 1) as tewmperature
increasas.

Jadging from the data obhtained, :lere
c2em, to be no outstanding advantage in one
process over the other. There should be more
dynamic testing to determine this. The data
do suggest that dri currents for the hiyher
doped devices (wafer 9) are rore symmetrical
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for a given geometry and a-¢ less {emperature
dependent than lowar doped devices. Further-
more, CMOS, when digitally operated, works in
a complementary mode; that is, when oqe
transistor is on, the other is off. This is
helpful for reliabic nigh-temperature perfo: -
mance beczus~ it allows both devices to go
depletinn ye. still perform a givan digital
function (Fijure l). Therefore, we can leave
the threshold voltages closer to zero than when
th2 devices must remain enhancement at 300°C,
making higher speed devices possible. Wafer
5 has not been discussed hecause of its
unexplainablc behavior.

Simulated dielectric isolation inverters
showed similar trends bat with 2 vast improve-
ment in leakages. ‘This makes a »ig difference
in noise margin :~1 absolute temparature
optimizationr.

Many tcef -0.ts are necessary to determine
the best wa ‘,uild high-tempeiature CMOS
circuits. Y -« principal parameters that mus*
vary are doping profiles and size; oxide
growt> and overall cleanliness make the circuit
possibie.

Process (Doping Profile)

Judging from the results of this study,
doping profiles like those of wafers 7 aund 9
are best fnr high-temperature use. Application
is exiremely important because we must know
what is expected from the circuit befcre the
right process is found. I'or example, wafer 9
(= -ub %2 x 10%® cm® and p-well Ng %4 x 10!’
cm~?) might appear to be the best choice for
high~-temperature electronics --- it jas good
symmetry, exhibits small variation with
temperature, and has reascnanle drive current
capability. Hewever, in some applications, it
may have too high a threshold voltage and *oo
low a breakdown voltage (+12V). Therafore,
depending on the circuits used, increasing
the doping to increase the temperature range
of the CMOS does not alway: : croducc an ideal
circuit. 1In fact, some electrical require-
ments may make it impossible to devel~~ a high-
tawperature circuic by using si.icon _ .anar
technology.

Geometry

tsher. designing the mask set for high-~
trmperature circuits, we must include several
consigerations not necessary when designing
room temperaturs circuits. For example, of
ma‘jor importa:ces is the fact that the ar~a
between the r-well and the n-substrate must be
as small xs '»es-ble to decrease rev 'rse
leakace. [fais means that each n-channe
transistor should have its cwn p=-well, The
price for this 15 »n (ndesirabie incre. *~ ia
the silicon area.

The nobility of nnles and electrons
decreases with ircreasing temperature but not
at exactly the sam2 rate. However, the ratio
of Z/L n-chinnel to Z/L p-channel should F-
the same as in rocm cemperature circuits to
keep tue circuits ..mplementary. Keeping
their ratin the same as in rocm temperature
circuits seem: to be a good compromise.



Por high temperature circuits, the area
from the drain to the substrate junction
should be as small as possible to decrease
reverse leakage. This is accomplished by
horseshoeing the Z/Ls, thereby increasing
circuit density -- this method is already in
common use.

To make high-temperature circuits more
reliable, metal lines should be a3 broad and
deep as possible, again sacrificing chip area.

Conclusions

Existing CMOS technology can be used to
produce stable and useful circuits that oper-
ate at 300°C for 1000 hours. This accomplish-
wment, however, sacrifices some chip area and
does not provide gate protection. For this
latter problem, hign-temperature GaAs and_

GaP diodes should ke developed as protection
devices. Although these diodes would proubably
be outside the CMOS chip, they could be part
of the same flat pack.

Dielectric isolation CMOS would be a
great improvement over junction isolation and
work has begun in this area. New solar cell
diodes show promise as input protection
devices. This would allow us to be completely
integrated again.

(2 3 2 1]
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"A PRESENTLY AVAILAGLE ENERGY SUPPLY
FOR HIGH TEMPERATURE ENVIRONMENT (550-1000° F)*

by J. JACQUELIN
and R. L. VIC

tlectrochemistry Department

Laboratoires de Marcoussis
Route de Nozay
F. 91460 MARCOUSSIS

ABSTRACT

Sodium-sulfur cells are an attractive electric energy
storag~ for long service, in strong enviromment.

State of art is given. More than 200 Wh/kg cells have
teen tested. The known range of w.rking temperature is
550 - 750° F. Self-discharge is quite nonexistent for
months in operation.

Technical basis for expecting an operating range up to
1 000® F under high pressure atmosphere are given. Pos-
sibilities to adapt size and characteristics to parti-
cular interplanetary mission are discussed.

1) - OPERATION AND TECHNOLOGY OF THE SODIUM-SULFUR CELL

Figure 1 is a schematical view of 2 sodium-sulfur cell.
The sodium, which is the negative pole, is inside a
g-alumina glove finger. g-alumina is a ceramic having
the property of transiting Nat* jons ; it is therefore
a solid electrolyte. Outside the g-alumina glove finger
is located the positive electrode which is formed from
sulfur held in a graphite-fibre conducting network.

The whole is enclosed in two steel containers, separi-
ted electrically from each other by a ceramic irsula-
ting ring a-alumina.

The cell is manufactured in the charged condition. Du-
ring discharge, the sodium passes through the solid
electrolyte in the form of Nat+ ions and reacts with
the sulfur while giving off polysuifides.

For the operation to be correct, it is necessary for
the reagents, sodium, sulfur, polysulfides, to remain
liquid. For that, the temperature must be greater than
500° F and preferably close to 650° C.

The cell may be recharged and so operate as an accumu-
lator, able to effect a large number of successive
charging cycles. But for that, the sulfur-graphite
electrode must have special properties which are obtai-
ned through complex and eiaborate manufacture. However,
even the primary sodium-sulfur cells are capable of
being purtially recharged and cf operating for a long
time as an accumulator, but with a capacity of only one-
third of the normal capacity.

The open-circuit voltage is 2.08 volts. The practical
operating voltage may be chosen between 1 volt and

2 volts depending on the power and on the discharge
conditions.
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2) - STATE OF THE ART

The principal technological problems have been resolved
during recent years,

It was a question of :
- the manufacture of the solid electrolyte

- soldering of the solid electrolyte to the
insulating a-alumina ring

- perfectly tight sealing of the steel contai-
ners on the a-alumina ring

- the manufacture of the sulfur electrode

- and different other practical filling problems
and sealing in an atmosphere perfectly free of
an{ trace of water or of other polluting mole-
cules,

At the L.d.M. sodium-sulfur cells are at present manu-
factured in two sizes.
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" Figure 3 gives the electrical characteristics of a cell

-1 - S depending on the charging condition.
"‘ﬁk‘ a it E 13 It should be noted that manufacture is easier and more
= - T reproducible in the large size than in the small size,
| ] ! which favours then high-energy applications on board
X g and not miniaturized applications.
o One very interesting characteristic of the sodium-
bl f S sulfur generators is the absence of self-discharge.
- 500 There is no self-discharge at ambient temperature and
=t even after a long period of storage (greater than 1
year) at 650" F no self-discharg was measured,
238" Axme = WL
-
 $183 B, —
R FoiEs i VLRI o
9. 2 . Size of standard - =T i t
sodium-sulfur cells HE R R
F‘V' l" ch ey %
* i ' e | v
i ] REET .3
. PR | b
- 1 1
A small-size cell nodel (4.5 Ah) is manufactured znd E Sy SRR
used solely tor laboratory research and experimentation e :
purposes. A large-size model (260 Ah) is also at pre- '” "“‘m“
sent manufactured in the laboratory. Its dimensions Hug o SO SH8 =
are optimized for load leveling. 8 -]
The principal characteristics of these cells are given
in the fellowing table :
R e e S — e 3
{ Performances E - )
{ for discharges ' small-size : Large-size )
{ : cell : ell )
( within 10 heurs ¢ - : )
S A S S LN A L L T T WS D S et el . < /] )
( _ _ : : )
( Lffective capacity - 4.5 Ah : 260 Ah )
( : : )
( Average voltage : 1.6 v - 1.59¥ )
( : : )
( Effective energy T 7.2 Wh : 390 Wh )
( : : )
é Weight g 100 g ¥ 1730 g %
{ Energy per mass unit : 72 Wh/kg : 230 Wh/kg )
C s e e e =%

The above characteristics relate to cells fitted with
sulfur electrodes able to operate as accumulators (se-
condary generator). Similar cells, but provided with
primary electrodes (primary batteries) would have capa-
cities anc eneraies about 20 * greater.
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3) - SPATIAL APPLICATION

The operating temperature (650° F) which i a aifticul-
ty ana a hanaicap for ground applications may become

an extremely favourable factor for sorme spatial appli-
cations

We think immediately of the cases of interplanetary
probes which must travel through high-temperature at-
mospheres. Such is the case of probes whose mission 15
the explaration of VENUS. For example, at an altitude
of 17 km, the temperature is €30° F and under these
conditions the sodium-sulfur cells operate freely,
without needing any heating or heat insulation. The
high pressure (Z8 barc) which reigns at this altitude
can be withstood by the containers because of their
cyclindrical shape and small diameter. Nothing <tands
in t 2 way of very long duration missions, which may
be ¢ 1sidered in months or even in vears.

However, it musl be recognized that the present cells
have not been optimized for such spatial applications
and that certain modifications would nave to be made.
For example, for operating in any position and with
any orientation, it would be necessary to provide the
inside of the solid electrolyte with a porous layer
wettable by the sudium which is designated sodium wick.

A great number of experimentul checks remain to be
made, during which certain imperfections might appear
andg involving studies and modifications with respect
tc the present state of the technique. These tests re-
late for example to :

- resistance to high accelerations (several
hundred g)

- resistance to shocks and vibrations

- possible problems of thermal shocks on rapid
entry into hot atmospheres

- the prcblems of checking and guaranteeing re-
Tiabitity.

4) - FUTURE POSSIBILITIES

From the mechanical and sealing point of wiew, present
cells are able to withstand substantially 1 000° F.

Sut the protlems of corrosion of the conlainers, which
are overcome at about 650° F, limit the serviceable 1i-
fe for higher temperatures.

However certain simple solutions may be considered. For
high-pressure atmospheres, the use of deformable con-
tainers would be a neat solution, both for reducing
the weight and for resolving the operating problems.
In fact, it would be possible to balance the internal
pressure with the external pressure, which would allow
operation at practically unlimited pressures. Lnder
high pressures, boiling of the sulfur enly occurs at
much higher temperatures and consequently operation
close to 1 000° F wou'd become possible (at 1 000° F,
it is sufficient for the pressure to be yreater than
3.3 bars),

Figure 4 shows the possible operating range.
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The principal problem would become that of high-tempe-
rature corrosion cf the container by the polysulfides.
The anticorrosion protection used at the present time
and limited by its cost, could be substantially increa-
sed ard solutions using more studied materials and
techniques may be considered.

In any cas, the corrosion problems are less serious
when the missicns are limited to a few days or a few
tens of days and not to years.

It is then not utopian to put forward the sodium-sulfur
generators as extremely valid candidates for future
ground explorations on VENUS (900" F, 100 bars), for
missions of fairly long duration.
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STUFFED MO LAYER AS A DIFFUSION BARRIER IN METALLIZATIONS FOR HIGH TEMPERATURE ELECTRONICS
John K. Boah, General Electric Company, £P-7, Syracuse, New York, 13221

Virginia Russell, General Electric Company, EP-3, Syracuse, New York, 13221

David P. Smith, General Elertric Company, EP-7, Syracuse, New York, 1322!

Abstract

Auger electron spectroscopy (AES) was employed to
characterize the diffusion barrier properties of
molybdenum in the CrSi2/Mo/Au metallization system.
The barrier action of Mo was demonstrated to persist
even after 2000 hours annealing time at 300°C in a
nitrogen ambient.

At 340°C annealing temperature, however, rapid
interdiffusion was cbserved to have occurred between
the various metal layers after only 261 hrurs.

At 450°C, the metallization deg-aded after only
two hours of annealing.

The presence of controlled amounts o oxygen in the
Mo layer is believed to be responsible for suppressing
the short circuit interdiffusion between the thin
film layers. Above 340°C, it is believed that the
increase in the oxygen wobility led to deterioration
of its stuffing action, resulting in the rapid
interdiffusion of the thin film layers along grain
boundaries.

The CrSip/Mo/Au barrier metallization sy<tem lent
itself easily to fine line patterning.

Introduction

Thin film metallizations play a critical role in the
reliability of microelectronic devices. The
deleterivus effects of aluminum alloy penetration!-2
and the "purple plague"3-4 in gold-aluminum thin
film couples are well-known examples. Thin film
metallizations are made up of very small grains,
high densities of grain boundaries and dislocations.
It is well established that grain boundaries and
dislocations increase atomic mgbllity by acting as
short circuit diffusion paths,-®. Gjosteinb has
shown that for face centered cubic metals, thin film
interdiffusion is controlled by dislocation pipe
diffusion and grain boundary ditfusion in the
temperature range 30-60 percent of the melting
point. Below this temperature range, i.terdiffusion
is not very significant. Above this temperature
range, l’ttice diffusion predominates. Diffusion
barriers/ such as stuffed barriers, passive barriers,
sacrificial varriers and thermodynamically stable
barriers, are intended to suppress short circuit
controlled interdiffusion. The purple plague
mentioned earlier can be ascribed to Kirkendall
voiding through short circuit interdiffusion.

Harris et al8 reported that the diffusion of Ti in Mo
was inhibited by the presence of oxygen in the Mo
layer of a Ti/Mo/Au system. Nowicki and Wang
observed the suppression of Au-Si intermixing in
Si/Mo/Au system if the Mo layer was reactively
sputtered in N2-Ar mixture. They attributed the
enhanced Mo barrier action to Ny occupation of the
octahedral sites around the Mo at.ms. Neither of
the above studies dealt with prolonged annealing
effects at high temperatures.
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The need for high temperature {up to 300°C) micro-
electronics applications in such diverse fields as
aircraft engine controls, nuclear reactor core
monitoring instrumentation and oil and gas well
downhole instrumentation has further imposed
stringent reliability requirements on microelectronic
interconnections. Diffusion barrier protection of
the olmic contact layer and metal conductor layer thus
assumes new importance. This paper will discuss the
enha.i'ed high temperature diffusion barrier properties
achieved through the introduction of cortrolled
amounts of oxygen in the Mo barrier layer of the
Cr/Mo/Au metallizat.on system.

A barrier metallization system is shown schematically
in Figure 1, 1t consists of an ohmic contact layer
(Crsiy), a diffusion barrier layer (stuffed Mo) and an
interconnect or conductor layer (Au). Figure 2
illustrates a tri-metal system where diffusion barrier
protection is lost during heat treatment.

Experimental Procedur=

Sequen’.ial deposition of the thin film layers of Cr,
Mo, and Au on (111)-oriented, N-type silicon single
crystal wafers was carried out using planar r.f,
magnetron sputtering (Perkin-Elmer Ultec Model 2400-
8SA). Sputtering pressures were less than 10 mtorr
using irgen. Oxygen-argon gas mixtures were utilized
for reactive sputtering of the Mo. Prior to sputtering,
the silicon wafers were etched 1n dilute HF, rinsed
theroughly in de-ionized water, air dried and trans-
ferred immediatcly into the sputtering chamber.

After sequentially depositing the Cr/mo/Au system,
sintering was nerform.d in a quartz tube in a flowing
nitrogen ambient at 450°C for 15 minutes to affect
CrSi formation,

Annealing experiments were subsequently carried out
at 300°C, 340°C and 450°C. The 300°C anneals were
performed in nitrogen ambients irn a quartz tube for
168 hours, 1000 hcurs and 2000 hours.

Annealing experiments above 300-C were carried out in
vacuun.. ACS was employed to study the extent of thin
film interdiffusion between the various metal layers,
Fine line pattern definition was evaluated using a
combination of pnotolithographic and chemical etching
techniques.

Results and Discussions

AES profiles of the Cr/Mo/Au system before and after
sintering at 309°C are shown in Figures 3-6. There
was limited penetration of the Cr layer by the Mo layer
during the sputter deposition. After annealing at
3n00°C for 2000 hours, the diffusion barrier properties
of the Mo layer were found to be intact. Some re-
distribution of the oxygen in th- Mo layer occurred
during the 300°C annealing. The suppression of the
expected grain boundary interdiffusion may be



ascribed to the oxygen incorporated into the Mo
layer. The stuffing benavior of oxygen may be
similar to that of nitrogen in Ti-W observed by
Nowicki gt all0 in the Al/Ti-W/Au system. Nowicki
and Wang” also reported that controlled incorporation
of nitrogen into molybdenum significantly reduced the
rate of grain boundary interdiffusion in Mo/Au
couples. -

Annealing above 300°C revealed that oxygen stuffing
does not compleiely suppress short circuit controlled
interdiffusion such as shown in the AES profile of
Figures 7 and 8. In fact, at 450°C, the oxygen
mobility was so high that stuffing action was lost
with a resultant loss of Mo barrier action after
only 2 hours of annealing. This observation is
consistent with the equations of Gjostein6 and
other recently observed thin film interdiffusion
phenomenab, Fine line patterning was accomplished
using photolithography and chemical etching such as
shown in Figure 9. The fine lines are two microns
in width.

Summary

The diffusion barrier action of stuffed Mo layers
has been demonstrated to be reliable at 300°C for
at least 2000 hours in a nitrogen ambient. The
incorporation of oxygen in the Mo layer is believed
to be responsible for the enhanced diffusion barrier
action of the Cr/Mo/Au metallization system at
temperatures below 300°C. Above 300-C, the Mo
barrier action rapidly deteriorates.

The cooperation of Or. Joseph Peng (formerly of
ARACOR, Sunnyvaie, California, and now with
Fairchild) and Dr. Aristotelis Christou (NRL,
Washington, D. C.) in the AES analysis is
gratefully acknowlecged. Our tharks also to
Dr. Christou for many helpful disucssions.
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REFRACTORY GLASS AND GLASS CERAMIC TUBE SEALS

Clifford F. Ballard and Donn L. Stewart
Sandifa National Laboratories
Albuquerque, New Mexico 87185

Complex vacuum tube envelopes are required to
house and support integrated thermionic circuits (ITC)
during long-term operation at elevated temperatures.
Lizo-ZnO-SiO2 glass ceramic and Can-Alzo3 glass seals -

were investipated because they are refractory,
moldable, have relatively high thermal expansion
coufficients and bond directly to a variety of metals.

Materials and techniques were developed to 5
fabricate the silicate glass ceramic (p500°C = 10°0Qm;
Te = 450°C) into a toroidal tube design containing
64 Pt/Rh feedthroughs. Subassemhlies were exposed
to 600°C for periods in excess of 140 hovrs with no
deterioration of vacuum seal integrity. However,
lithium ion conductivity reduced lead-to-lead
resistance below 1 megohm at 350°C, yielding a
device unacceptable for ITC applications.

The calcium aluminate glass (p500°C = 1ognm;

Tg = 900°C) contairs no alkali but is more difficult
to fabricate into cumplex shapes. Special transfer
molding techniques were developed using pre-enameled
metal piece parts. These subassemblies were vacuum
tight, had a lead-to-lead resistance of 20 megohms
at 600°C and are believed acceptable for ITC
applications.
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This report presents the results to date of a
specific design project in Wwhich a microwave
beacon is required to operate for a limited time at
high temperature (~325°C) and at high pressure
(+10 bars), in a chemically hostile environment,
after surviving large mechanical shock forces (up
to 280 gs). One of the most interesting results of
this work is the finding that many existing,
commercially-available components can be used in
such a design with only minor modifications. A
further result of some interest is that a crude
(and consequently low-cost) testing program can be
aesigned to identify and select promising commer-
cial components.

Symbols
Cos ceramic-oxide-semiconductor
DC direct current
g acceleration of gravity
HF hydrogen fluoride
MHz megahertz
MOS metal-oxide~-semiconductor
P/P peak to peak
R-C resistor-capacitor
RF radio frequency
\Y volt
VBB Venus balloon %(u.on
Introduction

The goals of this low-cost design effort are
to develop a short-lived microwave beacon which is
capable of int:zrmittent operation while suspended
from a balloon floating in the atmosphere 'of Venus,
and to do it within a relatively modest budget
(8160K). It should be made clear from the start
that we are discussing the beacon developmental
model, not flight havdware. The flight model has
not yet been built and, in view of recent changes
in the Venus mission's scope, may not be built for
some time. Still, the design exercise is an inter-
esting example of what can be done with limited
funds and with existing commercial components,
modifying them where necessary, and by using also a
bit of that famous America. ingenuity.

The low-altitude Venus Balloon Beacon (VBB)
was conceived as one approach to studying the winds
of Venus, VBB is a small, L~band microwave trans-
mitter to be suspended from a high-pressure French

1" n, one-meter diameter, filled with water vapor
itiotation gas. The beacon is designed to
trauamit a series of 1 microsecond, 1% duty cycle
pulses wb’ ‘h will permit Earth ‘~und stations to
track the »al’..n as it g."s b n~ about by various
Venusian atmospneri. .isturbancc..

At the proposed 18-km flight alticude, the
expected ambient conditions are 225°" (617°F) and
10 bars (160 psia), wirh wind velocities as high as
20 meters/sec. The atmosphere is primarily carbon
dioxide, with traces of other gases including HF.
The forces on the beacon-balloon system during
entry into the Venusian atmosphere are calculated
at 280 gs for two minutes. [he total time of

PACKAGING TECHNIQUES FOR LOW-ALTITUDE VENUS BALLOON BEACON

Thomas J. Borden and John U. Winslow

fon Laboratory
Cialifornia lnstitute of Technology
Pasadena, California
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flight of the balloon will be 240 hrs, with the
transmitter on during 96 five-minvte periods,
spaced equally during those ten Farth days.

Discussion

The VBB eiectronic system comprises batteries,
power supply, RF cavity, cavity modulator, timer
switch, and antenna (Figure 1). The major problem
areas are the power supply (1000 VDC needed to fire
the RF cavity), and the cavity modulator_ (pulse
timing accuracy better than 1 part in 10/ required).
The power supply was designed to use reed switches
both as input choppers and output rectifiers. The
cavity modulator is a large hybrid circuit using an
especially cut crystal as the timing elcment. Both
will be discussed in detail shortly, but first a
word al.out the easier parts.

TIMER

BATTERY SWITCH

POWER [ »| MODULATOR I

SUPPLY !
————-——ID[EEE:?AMTTER D
ANTENNA
Figure 1. VBB Block Diagram

Batteries

Power is supplied by 1.5 V sodium cells, whose
electrolyte melts at v280°C and can operate in the
liquid phase up to *+350°C. These cells hold a
charge indefinitely in their salid state and pro-
duce 20 watt-hr per cell when M the liquid state
(see Figure 2). Since these batteries produce no
power when solid, i.e., below 280°C, they become a
built-in on-switch for the system, thus eliminating
one set of potential headaches including *he masgs
of a main power switch. To get the power needed
‘or 8 hours of operation requ‘res four cells.

These us: ap half of VBB's 2-kg total mass limit.

Timer

A timer was r~~ded to spread the power usage
out over the 240-hour flight. A mechanical ti: er
(either u motor- or solenoid-driven escapement) was
considered, but these had both mass and power-
consumption penalties. In view of the high Venus
ambient temperature and other higher temperature
sources (e.g., the RF cavity operating temperature
is on the order of 450°C), a bimetallic switch
seemed an attractive golution. Several bimetallic

switches of suitable time constant were found avail.
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Figure 2. Sodium Battery C-11

able commercially, so this approach v s considered
the primary solution to the timing prcblem. The
motor- and solenvid-driven escapement were relegated
to back-up status.

RF Cavity

The RF cavity used for the development model
is a standard aircraft transponder RF cavity, made
by General Electric Company, modified by the manu-
facturer to withstand the 325°C environment. The
engineering staff of .ne CE tube division was inter-
ested in the project and made us an offer that,
from both schedule and financial standpoinis, we
could not refuse. In principal the conversion of
the standard RF cavity to a higl tcvmperaiure device
was not too complicated. The major changes centerel
around the mate-ials used to make the cavity and the
type of soldering/welding used in its assembly. The
tube itself was already designed Lo vperate well
above 325°C.

Antenna

An antenna with the proper radiation pattern
was found and scaled down to operate in L-band.
(See Figure 3.) There is no ohvious reason why the
pattern should change at the high temperatures
expected of this project, but the optimum operating
frequency will change if dimensions change. Hence,
a test antenna was bullt from solid copper for pat-
tern verification and for frequency-shift evalua-
tion at L-band frequencies and high temperatures.
The test model is too massive for flight use; bhut
given additional time and money, the flight unir
mass could be reduced greatly, e.g., by designing
the flukes hollow, by incorporating the ground
plane into the transmitter box, and by using
lighter construction materials.

Antenna Cable

One problem which we had to solve rhat was not
so simple as it at first seemed, was conducting
the RF signal from the cavity to the antenna. The
coax cable industry currently produces high temper-
ature semirigid coax cable that will withstand
325°C for extended periods. This cable uses
powered magnesium oxide as the dielectric. Since
this materlal is hygroscopic, both ends of the
cable must be sealed. Unfortunately, no commer-
cially available hermetical' -sealed connectors

¥

Figure 3. VBB Antenna
could be found, for any temperature range. Hence
we decided to do it ourselves.

It had been noted that the standard type 0SM con-
nectors for 0.l4] semirigid cable, used for testing
some multiplier transistors for a possible
oscillator/modulator, were made entirely of metal.
Since the connector leaves the cable dielectric
exposed, plugs of some material were needed to
create seals at both ends of thke cable.

Various types of epoxies were considered, but
were found too vulnerable to water. Previous
experience with hybrid construction suggested using
cerzmics. After some investigation Macor, a
mackinable ceramic manufactured by Corning Glass
Wworks, was selected and machined into several
thick-wulled washers. [nner and outer wall sur-
faces thea were coated with low frit gold and
fired at §50°C to create solderabl: surfaces.

These surfozes next will be coated with a gold
germanium slder, the washer placed In the end of
the cable, znd the cable end heated above 360°C to
complete the solder joint. Post-soldering helium
leak tests will be performed to assure that no
detectable le¢aks larger than 10-9 cc/sec are pre=
sent. Given that no surprises develop from solder-
ing plug and connector simultaneously, this probler
is solved.

Power Supply

Figure 4 is a schematic of the power supply-
chopper-ructif ler-driver circuit. The principal
component of the circuit, the trans{ormer, proved
to be the simplest to find. In the literature
study at the beginning of the work, a reliable sup-
plier of high temperature transformers (General
Magnetics) was lovaied. The test transformers pro-
cured from :liis source have functioned without
problems in all testing performed ro date.

The tougher problem has been posed by the
chopper/rectifier requirements. When first con-
sidered, it was thought that the only practical
solution to this problem lay in the rced switch
approich. Since the reed switches were large anl
relatively heavy, we were notivated to look for
other possibiliries.
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Figure 4. Schematic Circuitry

One of *"ose Ted us to test some very small
(TO-5 ecan) res.. o get an idea of cheir usceful
life and voltage—switching capabili*~. When

run s self drivers &l room temperature and

9 volts. these relavs ran for 23 dayvs ar ~350 iz
with no apparent degradation. At about 700 Y, :
however, the coatacts were bummt at a few micro-
amps. Since they worked so well at their rated
winding voltage of 9 velts, it was felt that they
might suit the Low-voltage side of the chopper)
rectificr circuitry.

Accordingly, one of these devices was dis-
sected and exazined to determine what modifications
they would need to survive at 325°C. These modifi-
cations, which consisted zostly of substiruting
high temperature wire insulation and structural
cowponents for their existing counterparts, would
have required procedural changes during manufac-
ture, rather than post-assemoly retrofits. The
changes were sodest enough fo be quite feasible for
typical develepment projects, but were not feasih'e
within the time and cost limits available for VBB.
Consequentiv, we feel that this :ppvoach is worth

stating for consideration in future high-temperature

projects, even though w¢ could not use it in our
case.

Another approach explored was based on the use
of semiconductor devices as low-voltage switches.
The chief advantage of such an approach would be a
significant simpliffcation of the chopper/rectifier
synchronization problem.

Preliminary tests indicated that the Harris
CD 4009D Ceramic Pack COS/MOS inverter and the
IRF 351 HEXFET power transistor would function at
temperatures above 250°C. A DC/DC converter was
designed, using the CD 4009D as the oscillat 'r and
driver of a pair of the 351's (see Figure 5).

For the converter tests, the | kV secondary
was rectified by off-the-shelf diades (not showm in
Figure 5). These diodes functioned satisfactorily
up to about 200°C, at which point they were removed
from the oven and operated at room temperature (or
the higher temperature part of tle tests.

The test conve.ter (see Figure 6) [unctioned
for 50 hours at 250°C. Efficiency dropped from 93%
at rocm temperature (20°C) to 73% at 250°C. 1In
view of the limitations on power available in the
VBB mission, Lhis approach was rejected. For cases
not so limited, however, this approack should be
quite useful.

vvvlrvvvv-vrl
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NOTE: Gl-QSCDﬂIHD
+8V ON PIN | AND 1§
GND ON PIN 8

Figure 5. Solid State Chopper

Figure 6. VBB Test Converter Unit

The approach finally selected for VBB uses
reed ::irches supplied by Gordos Corporation.
These high-viltage switches are packaged with
driver coils similar to one of their scandard
lines. The contact bounce on these switches was
markedly less severe than some others tested, and
are capable of switching the | kV secondary without
difficulcy.

We found in our testing that improper synchro-
nization can result in destructior of the switches,
but that if a very precise R-C circuit is employed
contact bu.rnout on the |1 kV side of the circuitry
can be avoided. We have found also that type C
switches (i.e., SPDT, see Figure 4) can be used on
the Jow-voltage side and in the driver circuit, but
the «tandard type A (i.e., SPST) switches are
required in the secondary side to survive the 1 kV.
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Hybrid Modulator

Earth station tracking of VBB requires the
timing accuracy of the transmitted pulses to be at
least as good as | part in 107. This requirement
precluded the self-blocking mode of tube operation,
and imposed a need for some sort of modulator. A
high-temperature test program at ;PL several vears
ago had established that properly cut crystals were
capable of maintaining the required accuracy.

Three crystals (3 MMz, 5 MHz, and 10 MHz, respec-
tively) cut for minimum drift ac 325°C, have been
acquired from a coumercial supplier. As of this
writing, these crystals are being tested at temper-
ature to verify turnover points and drifts.

The crystal control circuit designed as a
result of the above considerations is shown in Fig-
ure 7. A breadboard model of this circuit, shown
in Figure 8, was fabricated from materiils known o
function satisfacterily at high temperatures. The
principal testing goal was to evaluate the 215911
dual JFET's operations and to determine what would
be required to keep it operating satisfactorily at
high temperature.

-~
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Figure 7. Crystal Control Circuit

Testing showed that a tuned circuit feeding
Ql (as shown in Figure 7) was required for satis-
factory operation. The results of operating the
test circuit at 280°C for 100+ hours, which pro-
duced no failures, are shown in Figure 9. It will
be noted from these data that increasing the tem-
perature reduces the output amplitude. If the rate
at which the output drops remains fixed, a second
tuned circuit, feeding Q2, will have to be added to
achieve satisfactory performance at 325°C. This
presents no obvious problems.

It should be noted in passing that it was not
absvlutely necessary for all materials in the test
circuit to be high-temperature substances. Low
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Breadboard Model

Figure 8.

AMBIENT 4 7P

+280°C 1.6V P/P

Figure 9. OQutput Wave Forms

temperature solder, for example, melted at the test
temperature, but remained in puddles around the
component leads and performed its electrical func-
tions satisfactorily.

As of this writing, a refined test circuit has
been laid out on a 2 in x 2 1/2 in, 962 alumina
core substrate. Thanks to extensive testing of
hybrid inks for high temperature service conducted
previously by Sandia Laboratories, a satisfactory
ink (P'. Pont 9910) was found easily. Gold-
germanium suvlder has been chosen for connecting
discrete component leads to substrate inks. The
high temperature epoxies and/or potting compounds
for bonding the discretes to the substrate have
not yet been chosen.

The refined tesi will be conducted using all
discrete components. For later tests and tlight
hardware, .N5911 and 213821 dies have been ordered,
along with chip resisturs rated for 325°C operation.
It is anticipated that tlic complete circuit will
fit on a much smaller substrate.

Conclusions

The princ.pal conclusion to be drawn from the
work reported here is that many ordinary components,
designed for operation under Earth-normal condi-




tions, may be uscd in extreme environments --

" efther “as is.” or with minor-to-moderate changes

in cheir construction. A catalog of stch extend-
abilities was started bv previous researchers, and
has been augmented by the present work.

In addition, a great deal of useful oxtend-
abi'ity information pertinent to a particular pro-
ject may be gained at relatively low cost, by
employing "rough and dirty” test procedures,
custom-designed to fit the needs of that proicct.
In our case, even though the development ~udel has
not yet been tested as a complete system, the
prosp-.ts for a positive, within-hudget outcuome of
thy lay-June time-frame development-svsienm tests
(schedule dependent upon receipt of the final-
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design cavity, reed switches, etc.), appear quite
bright. At that time, our principal problem will
become meeting the 2-kg mass limit. Given the
results to date, {: appears that the only section
requiring extersive redesign here will be the
antcnna, and this does not appear to pose any
significant problems.
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MR TRMERATIER (AL,0y) INBRATIE AND LIGNT WEKNGHY CONNUCIGRS

by

Benxy Walker, Direcior of Research, Permaluster, Iac., Burbenk, Califoruia

The search by the electronic industry for components
that are light weight, more compect, are capsble of operat-
ing in very high temperature and all environmental condi~
tiows is now proving rewarding.

The propertivs of such a flexible, transparent, thin
film of sluminum oxide insulated wire or strip (with a
melting point of 2050°C.) is wnique for spplicsticns in *he
electronic, missile, atomic reactor, serospece, and aircraft
industries. The oxide fila is highly flexible, suitable for
all vindings of any size and shape of coil (magnetic).
Briefly touched upon are the ultraviolet, proton gamma ra-
diation uses, as well as high vacwum and cryogenic applics-
tions.

Since the film is inorgsnic and chemically imert, it
does not age or deteriorate in storage snd has good
dielectric properties (1000 volts per mil). In brief,
components designed around this unique material will keep
abreast of present day and future techmology.

Designers of electro—magnetic components can now
achieve higher ratings per unit of weight and 3 reduction in
size. With proper deaign, lec: insu’ation will be required
and the dielectric losses are reduced.

The use of an alumioun conductor (round or rectangular
vire or strips) will ssve 502 in weight, which is a distinct
improvemeat iu commercisl applications such as linear
motors, wmedical instruments, etc., where lover mass will
result in lower imertia. Rotary equipment with lov mass
simplifies dynamic balancing. As vibration from dymamic
imbalance is reduced, grester semsitivity and improved high
frequency response in moving coil applications results from
this lower wass. In all, it is a dream come true for most
engineers.

Conpared to copper, slumioum with Al,0; insulation
operstes cooler and will oot oxidize. When operating temp—
eratures of sbove 100° C., copper will form an invisible
film of cuprous cxide; sbove 200° C. cuprous and cupric
oxide are formed readily on the surfsce, thus reducing the
conductance a8 ultimately severe corrosion occurs and even—
tually the conductor is rendered useless. Even rickel
costed copper is subject to a galvanic action of the two
wmetals. In a high temperature operation, migration of atoms
is crested.

Performance of electrical components in high tempers-
ture is seriously handicapped due to the lach of suitsble
insulating materisls as the components are sudbjected to
severe physicsl stresses in envirommental cooditions. When
failure occurs in orgamic insulstiou, the failure remains
permanent owving to the electrically conductive carbon paths

that are formed throughout the imsulation as well as other
endsngering problems, such as lack of adbesion, oxidatiom,
evsporation, and aging.

Agirg is accompanied by weight loss in orgenic material
where shrinkage results in the resin portion causing it to
lose its bond in the slot cells, thus creating failure.
Variation of temperature or rotating speed causes mechanical
sbuses of the insulation. Thermsl degeneration is faster
close to the current-carrying conductors vhere the tempera-
ture is at a maximum; Therefore, the failure is induced at
the bhottest spot of tbe winding.

Aluminom conductor and Al,0; insulation, which is cer-
smic in nsture, is free of galvanic action or oxidation. In
case of a breakdown, the insulation does mot creste tracking
of a permanemt conductive path throughout the insulatiom.
In fact, oxide from the air creastes a new insulated oxide
and could repsir itself. Therefore, it is & good reason to
cousider the relation between operating temperature and
insulation life. A compunent made with high temperture
insulated material will be more relisble and will protect
itself and its payload from instant heat and pressure.

For several decades sluminum hss been successfully em-
ployed in the electrical emgineering field snd in various
other applicstions such as in transformers, generators,
etc., using bulky interleaving materials such as paper,
plastics, or laquer as insulation—far from sstisfactory.

TABLE (—Thermal and electrical conductivties of
sluminum and copper.
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Aluminus for electric conductors has s resistance of
about 345 ohms/mm”, which is equal to approximately 62 of
the conductivity of electrolytic copper. The specific
veight is 2.7 gw/ca®, or about 30Z of that of copper. This
means that an aluminum conductor of equal conductivity
weighs only 502 of that of a comparable copper conductor.
In many cases, depending upon design, the conductive weight
can be further reduced depending on the dielectric loss, as
aluminum operates c~ler, sand dissipates heat more rapidly.

Copper clad sluminum wire is re-inforced with EC grade
aluminum conductor of an improved design developed to give
electric powver mew versatility in comstruction. In addition
to the cootribution of its high strergth to the conductor,
it adds to the totsl conductivity of the conductor, so that
it performs a dusl function of strength and conduct uce. Of
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course, it is lightweight in sll given gaages of wire. It
is also corrosion resistant, making it easily applicable to
magnet wire, cables, etc. Copper clad sluminum is & compo-
site materisl; The interdiffusion of copper and aluminum
atoms occurs 0 that the materials are inseparable. They
are joinmed in a metallurigical bdbond. Purtheimore, when the
composite rod is drawn to fine vire sizes, its concentricity
and the proportions of both metals remain unchsnged. The
same concept csn be applied for copper clad steel, which is
8 lead cable for the semiconductor industry, smong others.

CONDUCTOR CHARACTENSTICS

Copper Cwal Alumioum
Denesty LOS/IN? 0.3 0.121 0.098
Osngaty GW/OM3 .9 FEN FX4)
Nusistivity OHMS/CMF 10.37 16.08 6.7
Resintivity Wecrohwn-CM 178 2873 2.790
Canductivity HACS % 100 6183 61
Wesght % Copper 100 2.8 .-
Tensste K PSI-Hard 5.0 30.0 27.0
Tonstle KG/MM2-Hard %] 211 19.0
Tengile K PSi-Annesled 35.0 17.0 12.0°
Tonsrie KG WM. Anneated 246 12.0 12.0
Specific Grawity X7 3N 2n
*Sams -annasied

Copper clad aluminum lends itself to shaping, forming,
and drawing. Wire is produced from .003" diameter and
rectangular wire from 001" and is very suitable for winding
fine, small coils. Larger wire is suitable for lightweight
cables.

The adaptation of slumimum wire or foil and/or copper
clad alumimm conductor is a step to attain improved opera—
tion and reliability through better balance in components
with the following results:

1) This wateriasl can be operated at a greater speed than
copper vire using less power in movable coils.

2) "n” has been reduced so that a decible measurement of
80 w levels in stationary coils has been reduced.

+s Load capacity of given ratings have been effectively
increased.

4) Core losses have been decreased and efficiency increased.
S) Operating temperatures are from -450° F. to 1000° plus F.
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Comparison of thermal and electrical
"conductivities of copper and alumimum at
various temperatures.

Bote the incressing demand in the electronic industry
for wire or strip to be lighter in weight—elmost weight-
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less—and an insulation so thin—slmost spaceless——thet
should withstand 1000° P. or higher temperatures, sod eur-
vive almost any enviromnmentsl conditions.

Additionally, there is an incressing demand that it be:

s) Sufficiently flexible, to allow winding in any form,
including miniature coils snd edgewinding of rectangulasr
wire wound under great stress.

b) Sufficiently thick, to insure good imsulation and
abrasion resistance, as well as thermal shock resistance,
etc.

Permaluster, Inc., has pioneered in this technical
advancement after years of research sand has obtained such an
inorganic, flexible insulsted film that is produced contin~
uously on wire and strip aluminum.

The oxide film is formed by sn electo—chemical method
which is a cooversion process for thickening the uaturally
occuring film several hundred times or more. This method is
known as "anodizing.". Permaluster’s patented process is
similar to anodizing except:

1) It is performed with high speed (justifying cost).

2) It eliminates mechanical con”sct to avoid racking
spots.

3) It is controlled to eliminate crazing when bent.

Owing to the strict coctrol methods employed in the
processing, the oxide coating may be formed howogeneously in
varying thicknesses and pre-structures. The resistance of
the formed alumina film is about 1800 obms per cmZ.

The mechanism of the anodic film formation and the fine
structure of the film are not fully understood, but informa-
tion is derived from the availsble evidence that under the
influence c¢{ the elctroiyte and the mechanical solvent ac-
tion, aluminum ions migrate from the metal surface through
the barrier layer to the oxygen rich upper portion of the
film where the ions react with the sluminum oxide to form an
snhydrous alumina. The oxide layer formed differs in char-
scter from the more porous outer layer. The slumins has an
electrostatic charge ani can function to absorb other inor-
ganic or orgsnic waterial.

PROPERTIES OF A1,0;

This step in the creation of aluminum oiide insulated
film is an advancement in the technology of processing for
applications in electo-magnetic coils. Thinner insulation
with high dielectric strength, lower dielectric losses, and
more compsct components are the results. The inorganic
insulated fiim with its advantajeous dielectric properties
will withstand:

1) Higher temperature (to the melting point of the
conductor).

2) Fungus, corona and cootaminants

3) Thermsl or storage sging B

&) Oxidation

S) Radiation -

6) Corona

7) Thermal shock

8) High frequencies



9) Cryogenics (liquid gasses)
In addition, it will not outgas in high vacum.

ELICIRICAL PROFERTINS
-y A

1) Breskdown Voltage:
The porous film of Al,0y ss
produced on gc? grade and

high ¢ rity material with- -y
out impregnation is approx~
imately 30 to 40 volts per
micron (0.00004%). The my

material composition af-
fects the breakdown voltage
wvhich increases with the L

R . LR ey -y
increasing purity of the  fig )—Thickness of film vs. bresk-
metsl. The film is homo-  down voltage (rms). The dielectric

geneous, uniformly thick
without cracks, controlled
to any thickness. The di-~
electric strength varies nearly in a linear fashion with the
thickness as per Figure 3.

2) Resistivity: Tbe resistivity of the sluminum oxide
varies with temperature and hu-uh.ty. When the film is
unsealed, it may vary 7 x 107 to 3 x 1012 chms/cm. Under
ideal conditions in a dry atmosphere, resistivity of 5 x
1013 otms/ca. was obtained at 20° C. after charging for 60-
80 seconds.

TABLE 1V—Propesties of thin film Al 0. insulation.
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3) Dielectric Constant: The dielectric constant (per-
wmittivity) of Al,04 film lies between 8.5 and 9.5 when
measured in dry air at one megahertz. Similsrly, loss
factor (tan delta) is 00004 under like conditiouns,

1) Bardoess: The film is ceramic in nature snd will
resist su:lace scratches and sbrasion. The degree of hard-
uass depends on the porosity and thc depth of the oxide
layer. Tests made on numerous samples of varying degrees of
porosity by means of scratching the sucface with s needle
having s constant load of 130 grams showed that breskthrough
vas achieved in the most porous sample after 16 strokes and
the least porous sample after 48 strokes.

2) Plexibility: The film is highly flexible, unlike
other forms of cersmic imsulation, and retains the inherent
qualitiiLs as long as the metsllic base materisl is not
subjected to undue strainms. If the base material is over
stretched or sharply bent, it exhibits cracking, vhen separ-
ation of the film may occur, A hard temper metsl will not
allov emall dismeter bending. In bare srste, such wire will
over stretch ou the upper part of the bend, and the surface

will be distorted at the lower bend. Owing to the firm bond
between the aluminum substrate and the innerwost leyer of
sluminum oxide, the insulated conductor cen be made flex-
ible, provided also that the temper of the conductor is such
that it exhibits a good degree of ductility., Ductile wire
and strip were wound sround a mandre]l having diameter four
times the cthickness of the coaductor without flsking or
cracking of the insulation.

3) Fatigue: Tests have indicated that there is no
fatigue loss due to the anodic film, even with a film thick-
ness more than fifteen microns. This is owing to the flex~
ibility of the film; there is no stress concentration
between the metal and the film.

4) Strength: Tensile strength and elongation sre uot
sltered by the anodic film, With vcry thin material, al-
lovance should be made for the thickness of the metal that
is converted to oxide. There is no reduction in fatigue
strength even at relatively hiyn stresses. The alumina fila
has significant strength when detached.from the metal.

5) Corcoa: As insulation is exposed to high voltage,
the critical voltage is reached vhen visible or audible
discharge occurs. This is the corona start voltage (CSV),
and it is here that the smbient air becomes ionized and
permits free flow of current. Most insulations exposed to
this corona effect suffer erosion. It is also attacked by
ozone produced from the oxygen of the atmosphere. Such
chemical erosion within the body of the insulation is con-
centrated and results in a serious degradation of the quali-
ty of the insulation and causes premature failure of the
systea.

6) High Temperature: Heat is a very important factor
in the use of a barrier type electrolyte, ss it thickens the
barrier layer for higher dielectric strength. Heating
changes the electrical resistance and modifies the physicsl
constance of the film; therefore, the pre-anodized aluminum
heated up to 1000° F. leads to an increase in resistance and
an apparent thickening of the barrier layer. It slso in-
fluences the flexibility of the film. It will not blister
or peel, although the thermal expansion of the film and the
conductor is®different.

Since the aluminum oxide melts at 3722° F. (2050° C.),
the temperature maximum at which Permaluster insulated con-
ductor may be safely employed is dictated by the melting
point of the metsllic conductor, vhich for sluminum is 1218°
I. (659° C.). The insulation properties of the oxide film
improves as the temperature increases as the wmoisture factor
is elimioated. It holds its dielectric properties whethar it
is operuted at 50° C., 500° C., or -400° F. (cryogenic),
thus making it suitable for Classes B snd C insulation as
vell as exceeding Mil-Spec. for high temperasture applics-
tiom,

It is insensitive to thermal shock. The insulated
conductor can safely carry short term overload currents
while in a high smbient temp.rature and can be subjected to
sudden changes of cemperature having a wide differential
without deterioration.

Thermal conductivity of the 41,0, is relativaly close
to the alumioum conductor as the film is minute. It has the
ability to radiate hest rspidly in high temperature. A
small coil with less weight and with high thermal cooduct-
ivity will facilitate the transmission of heat. To achieve
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such a performance, the round vire har been replaced with
flat vire or alumjoum foil where all voids in the windings
sre filled,
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7) Radistion: Inorganic AIZOJ film has in initial ~om-
ductivity «t zerv dise rate of 10712 (chms/ca)), the con-
ductivity increases at the same magnitude the dosc rate
increases; thus the dose rate of 10° roentgens/sec., the
conductivity will have increased to 107? (o"ms/cu)"L.  When
materials are subjected to a short duration extreme inteusi-
ty gamms pulse as encountere in uuclear explosions (where
the intensity may reach to more than 10’ roentgens/.ec. in
fraction of a wmicrosecond) the resistance of most organic
insulations diminishes in value, while the iworgu.ucs in-
cluding Al,03 will recuver rapidly after 10 to 100 micro~
seconds. »

»
Ala03 is successfully n"%#-
applied in a radiation B

environment. A typical "

reaction environment of 8
x 1012 lWIc-zluc. for
neutrous and 6 x 1012 1
-cvlc-zluc. for gamaa

I6" !,
o

~13
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Conductivaty (chaw cm) '

radiation, where the i t
equivalent absorbed dose n
for each is approximately e w w &

Dow Rote Rormigres Sevand
fig. 2-—Alumina (A1-0) conductivity
at various temperstures ir. amma
radiston.

equal to 1 x 107 rads,
has shown no deleterious
effects.

In a report by Idaho Nuclear Kadistion and ”rgonne
Nstional Laboratories vas described the design of an Aunulsr
Linear Induction Pump for the Mark 11 Loop, placing the most
stringent requirements on the sodium pump. Tne four-pole
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Fig. 3. Annular Lincar Induction Pump for Matk Il
Integral Sodium TREAT ! ».p

version of the pumg used 24 coils, and the five-pole version
used 30 field coils. The field coils were designed to
consist of flat ribbon wound pancake type coils of fulily
anodized EC aluminus. The Al,0y insulated conductor was
wound without interleaving and was successfullr opersted as
the primary of a 60 hertz, one phase, 230 volts AC stepdown
transformer at 425° C. for over 500 hours without melfunc-
tion or fsilure (AML-7369-Argonne Matiocal Laboratory), THR
DEVELOPMENT OF PUMPS FOR USE 1IN FAST~-REACTOR-SAFETY IN-
TBGRAL-LOOF EXPERINENTS by L. B. Robinson and R. D. Carleon.

8) Lov Tempersture: Aluminum with oxide film excels in
super cold environments; it is iosensitive to abrupt
changes at lov temperatures, remains tough, ductile and
strong. The high thera:sl conductivity of aluminum (the
ibility to transfer beat rapidly) makes it especially ef-
feclive in high emergy absorption.
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At sub-zero temperatures the tear resistance is as high
or higher than that at room tex erature. Aluminum hss been
used to stabilize super-conducting magnets and reacts ooly
slightly in increases in magnetic field in resistivity or
about 5KG. In a typical room temperature, under 2zero
stress, zero field resistivity of high purity aluminum is at
2.53 + 107 ~tm/ca. Pure alumimm, oxidized with lov strain
was found to have low resistivity even in a high magnetic
field. In cryogenic applications at -450° F. in a magoetic
field, such material operated essily at 120,000 gauss. The
iess strained aluminum retained its properties in high mag-
netic field. Its magno-resistance exhibited a predominately
saturating behsvior.

9) Frequenc;: Specific resistance of anhydrous and
parcially hydrated alumina is very high. The anodic film is
approximately 5MQ/cn’ per 15 x 1073 cu film. There is no
significant change uver a wide frequency range. At frequen-
cies sbove 1KHz/S R, it is nearly constant. At 25Q/cm
changes will appear with varied film thicknesses. At frc-
quencies below 10 KHx/S, capacitance is nearly constant at
0-99u F/emd. Figure shows some indication of fair represen-
tation of the impedance component of Permaluster tested bose
Alp0y insulated matevial at room temperature.

Different values and properties can be obtained if the
pores are sealed or impregnated.

The impedance obtained in high frequency gives a wmore
uniform response, as the mass of a moving system limits high
frequency response of acoustic transducers.

By reducing the weight of the mass by more than 50X,
frequency can be incressed. The more deuse the material,
the faster the sound vaves travel. Por a given frequency,
mass of the magnetic coil exhibits a major portion for the
length of the wave to cycle. Lightweight sluminum rectangu~
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lar wire, edge wound, with thin Al,0, insulation, iwproved
the design objective in obtaining the maximum power output
per pound of weight and condensed unit for moving travsducer
coil and waveguides.
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Steady state low frequency voltage would be distributed
across a8 sheet winding in direct proportion to the turn
impedance giving an essentially linear distribution of such
voltage across the turns.

The capacitance and inductance between adjacent or
physically close turns and the capacitance to ground are
uniform throughout s continuous sheet coil. Coils wound
from Al,0; thin insulated strip have no interlayer capaci-
tarce, but only interturn capscitance; total capacitance of
the coil is thus reduced.

Waveguide wound, for transmission of
signals, using coil made of anodized
aluminum rectangular wire, edge wound.
Such cuils are fast woving, lightweight,
suitable for actuators, voice coils,
servo systems, shakers, etc.

10) Vibration: An edge wound flat wire coil produced a
flux density of 18 kilogauss in an air gap (using 3 lbs. of
Alnico 5 - 7 magnetic core) to provide a 6 1b. force for
displacement and accelerstion ss shown in chart. The im~
proved moving voice coil snit has an efficiency of 502 in
the frequancy range from 400 - 10,000 Bx. in a maximum
scoustic output of 20 watts with s high degree of reliabili~
ty. Of course, higher frequency is no probles. The film is
extremely tough and exhibits little deterioration under
extensive mechanical vibration for extended periods of time.
Coils wound with thin film insuiated slumioum conductor have

been successfully subjected to vibration tests both at room
temperatures and elevated temperatures. Under 24 G vibre-
tion, applied at various frequencies batween 50 cpe snd 5000
cps for one hour along each axis, no change in resistivity
and only a slight change in inductance wvas recorded. During
the test the curremt flowing through the coil increases to
raise the temperature to its limiting value and then reduces
again.

11) High Vacuum: Aluminum oxide insulation may be used
effectively in high vncwﬁ The film shoved no effects
under pressure below 107 ° Torr at 500° C. Other tests
indicated that when Al,0y was impregnated with carbon-free
silicons, there was no evidence of any hydrocarbon residue
when operated above 400° C. in extremely low pressure.

12) Design Consideration: Aluminum also has a high
heat capscity with high capacitance for even voltage distri-
bution. Alumioum strip or rectangular wire winding permits
higher current density, due to each turn having lateral
radiating edges exposed to the cooling medium, thus provid~
ing effective heat dissipation. This permits considerable
Aesign latitude in either reducing the cross section of the
aluminum used or .icreasing the current rating for equive-
lent heat rise. Layer-to-layer temperatures are nearly
uniform; hot spots inherent in couventional windings are
virtually eliminated. The use of a thin high temperature
dielectric filwm on flat material will require 1) less volt-
age, 2) mininal amount of insulation, 3) minimal awount of
thermsal insulation. It renders greater voluae in equal
space and affords gr.iter mechsnical strength.

Congideration is given to life expectancy, reliabilitcy
and normal stresses in performance. It is important to
choose a dielectric with thermal stability when the rate of
heat generation at some point will cvceel the sbility of the
materisl to dissipate it, Heat is generated by conduction
current flow, principally iomic or by hysteresis under al-
ternating stress. The heat generation rate is an increasing
function of temperature in the electric field. An insula-
tion with thermal stability should not be the limiting
factor as it is the most important part of the component.

13) The Oxide Film Structure: The Al,0; insulated filw
can be varied in processing to meet different requirements.
Permaluster produces such film that is flexible to allow
winding ia any form, including miniature coils and edge
winding of rectangular vire under great stress. A film
thickness sufficiently thick to insure good insulation and
abrasion resistance can be produced.

Owing to the porosity of the oxide surface, the film
exhibits hydroscopic properties, and its resistivity changes
vith relative humidity as well as with temperatures ranging
from 10° Obm/cm to 1012 Ohm/cm. If relative humidity is a
factor, additionsl inorganics or organics csn be impregnated
into the pores of the film.

- Py - oWk ¢ e
T" 4 i H T T.  Structure of pores on
} t ] - . .
! S I X ! gg anodic porous fig.
; i ! i3 type fils. Pore va-
L £8  ries with operating
> }"' conditions.
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14) Impregnated Films: 1Inorganic costings heve the
adventage of resistance to environmental’conditions, with wo
degradation by exposure tv radiation. Aly0y produced anod-
ically is an intergral part of the conductor. The inner
layar of the oxide film is relatively compact and anhydrous,
and on the surface is highly sbsorbent and ready to sbsord
either dissolved substances or molecules in state of col~
loidal dispersion. It is axiowatic that absorbing is &
function of the porosity of the outer layer of the film, It
is probable the oxy-type snions are a part of the pores that
are capable of hydrogen bonding.

The conductivity of the outer layer provides the means
of transporting anions hydroxyl ions from solvents or water
tovard the condensed layer, and hydrogen ions are essily
bonded or fused with other substances. The transistion
frequency of protons in a hydrogen bond has been found to be
on of the order of infrared frequencies aold o 101 per
second). On this basis, the proton mobility in hydrogen
bonded structures differs from the electron mobility in
wetal itself by omly 1 or 2 orders in magnitude. The pore
diameter of tbhe surface of the film is in the order of 10.50
millimeter microms, or their density is between 100 to 800
pores per square micron, sufficient to absorb other mater—
jals. In some areas of applications, porous surface could
have value, since it is chewically active surface. 1t acts
as a good agent for mechanical bondire: other advantages
include its retention of photo-litho emulsions, and it
serves ar a base fur electroplating printed circuitry and
painting.

Pores can be impregnated with various wmaterials, i.e.,
organics to inhibit water absorption, organo-ceramics for
use in high temperatures., The Georgia Institute of Techno-
logy (WAEC Tech. Report 58-13) sealed the film with Colloid~
al Silica in an electrophovesis deposition, also with a true
liquid of ceramics that wet the inside pores by gelling a
hydrolized solution of ethyl silicate so the particles of
silica were trapped in the poces of the coating.

Actually, the barrier layer of the oxide is sufficient-
ly protective for organo-ceramic fi’ling of the pores. There
is no danger that a carbon conductive path will pass the
barrier layer in high temperature operation. In fact, even
the organic material will operate at twice the temperature
without effect.

15) Impregnatior. With Inorzanic Material: The amodic
porous base coating with & barrier layer is a refractory,
flexible film and can absorb or seal other organic and inor—
ganic film with or without an organic vehicle. Another
anodic or eletrophoretic process can be applied for forming
another composite film that is sbsorbed iato the pores of
the anodic base insulated layer. Barrier type electrolytes
can be used. Tests performed showed that higher dielectric
strength and flexibility were obtained after vacuum anneal-
ing at 450° to 500° C.

Oxide pores can be “'sealed” with Tetraethyl orthosili-
cate, vhich is a refractory binder, a gelling agent for
impregnation of psrouc material and is highly hest resis-
tant., A hydrolized silicate gel hested to silica becomes a
hsrd, vitreous type material; a pure silica bonding agent
which has the advantage of being insoluble in water. It is
impervious to most acid and is excellent in high tempera-
tures. Hydrclisation, using ethyl silicate solution, can be
accomplished, as it penetrates completely into the porous
Al20y to 8 complete hardness after heating.

A water solution of po—celain snsmel or combinations of
inorgenic fritz with or without resin combinstion, can be
applied to create a strong bond wita the oxide base. A
strng intermolecular bond is respounsible for the inertness
of the base coating.

16) Organic Impregnation: A silicoo—oxygen ne.work
interspersed with organic groups can be stabilized to a
valuable film in conjunction with sluminum oxide. The sol-
vent of the silicon mixture will oxidize and vaporize with
other organic components, while the inorganic silica matrix
remains (crosslined organopolysiloxans) are almost unsurpas-
sed for hest resistance. With aluminum oxide, the structure
can withstand over 1400° F. without deterioration. A mumber
of wmodified sili~on resins have been used, such as silicon
alkyds, or mouifications with acrylics, epoxies or phenolics
with a silicon content of about 25%. Such different varic~
ties of resin combinations can be formulated either by
blending or co-polymerization to obtain heat resistance up
to 1000° F. Such combinations ate excellent in thermal
shock resistance. Resin can be applied in pure {Orm or can
be combined with other resinous material. A mixture of
resins put together to develop suitsble properties that are
compatible with the base Al,04 can be achieved,
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Heat aging of poly—{amide-imide) sdhesive
on aluminum and anodized aluminmum.

The choice of resin to be impregnated into the pores
depends upon the application. The choice of an organic
binder is made where little or no carbon residue remain,
though it will have no effect on the insulation, ss the
pores are protected by the refractory oxide film that has a
wmelting point three times that of sluminum,

High temperature polymers offer versatility for use in
electronic insulaion and show stability in performance when
impregnated into the Aly0, ‘prime coat™; Greater depend-
ability has been achieved at high operating temperatures
(about 850° F. }.

Thermal aging of insulation in organic wmsterial is
probably responsible for most failures found in the compo-
nent. Thermal aging itoelf does not produce failures, but
it renders imsulation vulnerable to other factors, such as
woisture, penetration, brittleness, loss of thermsl expan-
sion before complete failure. Figure shows some expsriments
with organic film over A1,0,.

Such organic overc(s: is produced in a cured or quasi-
cured atsie. A coil can be formed and wound in any shape
vhen a quasi-cured stste is required. When hested, the
turns bond together to form a solid structure, By employing
this method, cores sre eliminated; The coil becowes very
strong and self-supporting.
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Most, insulations are based on a thermal theory. Should
a veak ares in tae organic imsulation be heated more than
other areas, and if the heat is oot removed as repidly as it
is generated, the weak spot grows hotter and thu rasistance

_will be lower. As the temperature continues Iy rise in

operation, instability occurs; this will be followed by a
breakdown in the weakest point «f the insulation. This will
not occur in Al,04 insulation. In fact, the aluminum oxide
insulation improves at temperatures above 220° F. The
choice of iusulation is often a decided factor that will
govern the performance and reliability of the components,
In spplications where peak losi is energized during low
domsnd period, overall losses are always less in high tem~
perature design. Examples are transformers, generators,
solencids, alternators, magrets, etc., whether for environ-
mental or terrestrisl operation.

It will make good semse to comstruct electronic com—
ponents by using lightweight conductors to improve opera~
tion: better balance and higher efficiency operation
thiough the reduction of mass. It will wake gond sense to
use alumizm oxide thin film insulation for better dissipa~
tion of heat, higher current flow, and consequently higher
remperature operation in adverse environments.
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Dr. Robert Pry, Executivc Vice President for R and D, Gould, Inc., has been
invited to the conference to listen to the proceedings, have discussions with the
authors and attendees and from this background provide insights on the status of
effort, interfaces between, and perception of the research, manufacturing and
user communities in high temperature electronics. The progress of R and D, fabrica-
tion technology and commercialization of useful measurement systems at temperatures
greater than 200°C will be assessed. The gaps between user needs, R and D results
and on-going projects will be summarized yiz=lding market expectations as projected
from user applications and manufacturer viewpoints. The apparent determinants for
commercialization of current research proje:ts and the perceived interface barriers
to technology transfer will be detailed.
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